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The lake trout (Salvelinus namaycush) is a coldwater salmonid with an extensive native 
distribution across formerly glaciated regions of North America. Lake trout are known to be a 
glacial ‘relict’ species and evolved as a result of glaciation events during the Pleistocene era. 
Historic and recent human activities along with climate change have had a significant influence 
on the phylogeographic and genetic compositions of current lake trout populations. Human 
activities like overexploitation, habitat degradation and most importantly stocking have had 
detrimental effects on the diversity and variability of populations within Ontario.  Prior genetic 
studies of lake trout have used multiple neutral genetic marker systems including allozymes, 
microsatellites and mitochondrial DNA (mtDNA) to distinguish multiple glacial refugia and 
phylogeographic lineages within North America. This project differentiated lake trout 
populations within Ontario using a non-neutral marker, the major histocompatibility (MH) class 
II beta gene. A total of fifty-seven unique MH class II β1 alleles were identified in 216 individual 
lake trout from ten lakes across Ontario and one in New York. Native, hatchery stocking sources 
and native but stocked lake trout populations were characterized for MH diversity and allelic 
states to assess their diversity and divergence. A geographic map of MH diversity within each 
lake was completed. Commonly stocked lakes within Ontario have shown a decreased amount of 
allelic diversity when compared to other populations. The introgression of MH class II beta 
alleles within the mixed-ancestry populations and the significance of adaptive genetic diversity 
within and among populations from different histories will be important for the management of 
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Chapter 1 – General Introduction 
 
1.1 Glacial History of North America 
 
The physical environment of North America has drastically changed over the last 
2,000,000 years through repeated glacial cycles of approximately 100,000 years (Pielou, 1991). 
Although more than 20 glacial cycles were believed to occur during the Pleistocene era in North 
America only the four major glaciations (Nebraskan, Kansan, Illinoian and Wisconsian) were 
named based on the location where evidence was originally obtained (Briggs, 1986; Flint, 1971; 
Pielou, 1991). For the duration of these Pleistocene glaciations, the formation of any inland lakes 
was prevented by glaciers covering the landscape. The challenges faced by aquatic species were 
enormous during this time, as the glaciers radically changed the distribution patterns of species 
causing profound evolutionary effects. As a result of the glaciations, aquatic species were forced 
to survive for thousands of years in peripheral habitats along the glaciers across North America 
which became known as refugia (Crossman & McAllister, 1986). These isolated refugia 
populations contained reduced gene pools losing genetic variation as a result of genetic drift 
(Briggs, 1986). This caused rapid evolutionary change in some species as populations were 
eliminated while others became only remnants of populations that once existed thousands of 
years ago (Briggs, 1986).  
 
Continuous shifting of climates caused glaciers to retreat and then advance continuously 
throughout the Pleistocene glacial age, which produced scouring in the land providing basins for 
many lakes we see today. The warming climate caused ice sheets to melt, water bodies to move 
and sea levels to rise, resulting in many ecological changes (Pielou, 1991). Large proglacial 
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inland lakes formed from meltwater across North America, and provided new opportunities for 
aquatic species to disperse and extend their geographical ranges across areas that were 
previously covered in ice. Species using these avenues of dispersal had much larger ranges but 
lower diversities than taxa in non-glaciated regions (Bernatchez & Wilson, 1998). Present day 
aquatic species were significantly influenced by the Pleistocene glaciations through habitat 
destruction, displacement and population bottlenecks. A prime example of a species that 
underwent such processes is the lake trout, Salvelinus namaycush. 
 
1.2 Lake trout (Salvelinus namaycush) 
 
Lake trout (Salvelinus namaycush) are covered in large roundish spots and range in 
colour from silver to gray to green to brown to almost black but are usually greenish-gray 
(Martin & Olver, 1980). Their average adult size ranges from 15 – 20 inches (38 – 50 cm) in 
length (Scott, Scott, & Crossman, 1985). Lake trout have been known to exhibit limited sexual 
dimorphism with the males having slightly more pointed snouts than females. They are known 
primarily to spawn in the fall from late September to November on rocky shoals usually close to 
deep water (Martin & Olver, 1980; Wilson & Mandrak, 2004). Lake trout are omnivorous, eating 
plant material, annelids, crustaceans, insects, arachnids, molluscs, fishes and even small 
mammals (Martin & Olver, 1980).  
 
Lake trout are known to be a glacial ‘relict’ species and evolved as a result of glaciation 
events during the Pleistocene era (Wilson & Mandrak, 2004). The species evolved approximately 
3 million years ago from other species of Salvelinus. Their extensive native distribution across 
North America corresponds closely to deep freshwater oligotrophic habitats, which were created 
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by glacial scouring in formerly glaciated regions (Lindsey, 1964; Martin & Olver, 1980). Lake 
trout prefer cooler waters in the 4 - 9°C range but have been located in temperatures higher and 
lower (Martin & Olver, 1980). Although typically restricted to only freshwater surroundings, 
there have been some records of this species showing anadromous characteristics within the 
Arctic (Swanson et al., 2010). Lake trout are also economically important in commercial 
fisheries as a food fish and sport fisheries as a game fish throughout central and northern Canada.  
 
1.3 History, Glacial Refugia and Dispersal 
 
The complex history of aquatic species has made understanding freshwater fish like lake 
trout very difficult, resulting in many conflicting opinions when it comes to the number of glacial 
refugia they originated from and their zoogeography listed in Table 1.1 (Black, 1983a, 1983b; 
Crossman & McAllister, 1986; Grewe & Hebert, 1988; Ihssen, Casselrnan, & Martin, 1988; 
Khan & Qadri, 1971; Lindsey, 1964; Radforth, 1944; Walters, 1955; Wilson & Hebert, 1996; 
1998). Radforth (1944) argued based upon distributional patterns that lake trout survived the 
glaciations in a single Beringian refuge north of the ice sheet and have spread south since. 
Walters (1955) disagreed with Radforth, stating rather that lake trout survived and spread from a 
single Mississippian refuge. Lindsey (1964) was the first to state that lake trout must have 
survived the glaciations in multiple refugia groups; some in the south while others were in the 
north. Based upon distribution patterns, it was thought there could be as many as four different 
refugia. Kahn and Qadri (1971) supported Lindsey with some morphological investigations on 
lake trout across its range with 4 different gene pools: Atlantic, Mississippian, Missourian and 
Beringian. A decade later Crossman and McAllister (1986), using morphological multivariate 




Research by Black (1983a, 1983b) using two different parasitic nematodes Cystidicola 
stigmatura and farionis, both of which infect the swim bladders of lake trout, supported multiple 
refugia groups once again. Black’s (1983a) study using stigmatura showed lake trout of 
Mississippian origin were parasitized by the nematode while other lake trout from the Atlantic 
and western refugia were not. It provided independent confirmation of dispersal of lake trout 
from a Mississippian origin, but absence of the nematode in the other refugia inferred a different 
origin but did not confirm it, as the parasite also required an alternate host (Mysis relicta) with 
limited dispersal abilities. The study with Cystidicola farionis (Black, 1983b) showed the 
opposite in that this nematode was restricted to lake trout that survived in a Beringian refuge 
while it was not present in the others. This suggested multiple refugia groups allowing lake trout 
to invade North America in three directions from the southeast and northwest establishing 
Mississippian, Bering, and other populations. Following these studies, molecular markers started 
to be applied to understand lake trout’s history. Through the use of allozyme data, two distinct 
genetic groups of lake trout in Ontario and Manitoba were determined to be Mississippian and 
Atlantic in origin, and a third genetic group was inferred, possibly Beringian (Ihssen et al., 
1988). Analysis of mitochondrial DNA (mtDNA) revealed three distinct lineages: Atlantic, 
Mississippian and Beringian origins (Grewe & Hebert, 1988). Finally, through more extensive 
examination of geographical distribution with mtDNA, it was concluded that lake trout survived 
in possibly six different refugia in the Pleistocene glaciations: two Mississippian, one Atlantic, 





Table 1.1: Previous studies that examined lake trout postglacial origins, analyses used and 







Radforth 1944 Distribution 1 Beringian 
Wynne-Edwards 1947 Distribution 1 Mississippian 
Wynne-Edwards 1952 Distribution 2 Mississippian, Beringian 
Walters 1955 Distribution 1 Mississippian 
McPhail 1963 Distribution 1 Mississippian 
Lindsey 1964 Distribution 4 Atlantic, Mississippian, 
Missouri, 
Beringian 
Khan and Qadri 1971 Morphological 4 Atlantic, Mississippian, 
Missouri, 
Beringian 




Morphological 2 Mississippian, Beringian 
Stewart and Lindsey 
1983 
Distribution 1 Mississippian 
Ihssen et al. 1988 Allozymes 2 Atlantic, Mississippian 
Grewe and Hebert 
1988 
Mitochondrial DNA 3 Atlantic, Mississippian, 
Beringian 
Wilson and Hebert 
1996, 1998 







1.4 Populations and Stocking 
 
Historic and recent human activities, along with climate change, have had a significant 
influence on phylogeographic and genetic compositions of current lake trout populations. 
Overexploitation, habitat degradation and most importantly stocking have had major effects on 
the genetic makeup and fitness of lake trout within Ontario native populations (Wilson & 
Mandrak, 2004). The lake trout’s characteristics of slow growth, late maturity, low reproductive 
potential and slow replacement rate make this species extremely vulnerable to overexploitation 
(Shuter et al., 1998). Long-term stocking programs have been widely practiced for most of the 
past century to compensate for the loss of naturally reproducing native fish available to restore 
ecological habitats and populations (Halbisen & Wilson, 2009). Stocking has raised many 
questions regarding its suitability for enhancing wild populations. There are many factors which 
influence stocking success in populations such as habitat suitability, age/size of fish when 
stocked, fish health and condition, handling/transport stress, stocking technique, interspecific 
competition, predation, genetic strain and forage availability (Kerr, 2001). Often it is quite a 
challenge to make stocking into an existing population a success. Unfortunately, only recently 
has stocking been seen to have extremely damaging effects, with the potential to cause native 
populations to disappear completely (Araki et al., 2007; Brannon et al., 2011; Evans & Willox, 
1991). Other potential impacts stocking can have include hybridization/genetic introgression, 
displacement/loss of other species, competition for food, predation, introduction of 
diseases/parasites and increased angling pressure (Kerr, 2001). 
 
As a consequence, supplemental stocking of naturally-reproducing lake trout populations 
was discontinued in 1985 (Evans & Willox, 1991). Now, inland lakes within Ontario are only 
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stocked for rehabilitation purposes or to support introduced fisheries that draw angling pressures 
away from sensitive indigenous lake trout populations (Halbisen & Wilson, 2009).  
 
 
1.5 Phylogeography and Molecular Markers 
 
Phylogeography looks at the distribution of genealogical lineages within species, which 
requires the use of different types of molecular markers. Previous genetic analysis of lake trout 
have used allozymes, microsatellites, and mitochondrial DNA (mtDNA). Nuclear DNA or genes 
are inherited biparentally and are often used as population markers also. Allozymes were one of 
the first markers used in molecular ecology to differentiate populations. Ihssen et al., (1988) used 
allozymes to differentiate lake trout populations in Ontario and Manitoba. Allozymes are 
functional proteins encoded by structural genes which make them very easy and simple to use. 
Unfortunately even though allozymes are very easy to assay, they often lack variability therefore 
are usually used in concert with other DNA markers to differentiate populations. One of the most 
common nuclear DNA markers is microsatellites. They consist of tandem repeats of nuclear 
DNA flanked by conserved regions. Microsatellites mutate quite rapidly, therefore they are only 
used to understand evolutionary events in the relatively recent past (Freeland, 2005).  
Mitochondrial DNA (mtDNA) consists entirely of maternally inherited DNA which means it is 
uniparentally inherited, haploid and functionally acts as a single locus marker (Freeland, 2005). 
Even though the arrangement of genes is conserved, mtDNA is often used due to its high 
mutation rate compared to nuclear DNA, which can be around ten times the rate of synonymous 
substitutions in protein-coding nuclear genes (Brown et al., 1979). Also the lack of 
recombination in mitochondrial genes results in an effectively clonal inheritance, allowing 
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lineages to be tracked over time and space with ease (Freeland, 2005). The problem with mtDNA 
is that using only a single locus to reconstruct populations is not ideal if the populations could 
have been subjected to selection or another process contributing to an unusual history (Freeland, 
2005) or mixing between divergent groups. Usually mtDNA provides an additional genetic 
character when supplemented through comparison to nuclear DNA by microsatellites (Grewe et 
al., 1993). The use of mitochondrial DNA in population phylogeography and differentiation in 
lake trout has become a useful tool which has been used in many studies (Avise et al., 1987; 
Grewe & Hebert, 1988; Grewe et al., 1993; Moritz, 1987; Wilson et al., 1985; Wilson & Hebert, 
1996; Wilson & Hebert, 1998) as well as in many other species.  
 
The choice of which molecular marker is used in studies to differentiate populations is a 
very important task. Each marker allows the researcher to look at populations in a different way. 
The difficulty with studying lake trout is that they are a glacial relict species meaning the present 
day populations evolved as a result of the glaciation events in the Pleistocene era, essentially in 
the last 10,000 – 20, 000 years. Keeping this in mind, there has not been much time for 
populations to evolve and differences to arise. This thesis will use a molecular marker that can 
differentiate stocks based on the selection by the environment. This marker changes more rapidly 
and thus provides a different view from past genetic markers.   
 
1.6 The Major Histocompatibility Complex 
 
 The discovery and first description of the major histocompatibility complex 
(MHC) happened well over 60 years ago (Klein, 1987) but only within the last few decades have 
we truly started to understand the nature and function of the complex. The MHC was first 
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discovered in mice as a genetic region governing the ability of transplant success (Klein, 1986). 
The name MHC was given because the genes involved in graft rejection were clustered into a 
major chromosomal region (Danchin et al., 2004). MHC genes are present in all jawed 
vertebrates (gnathostomes) but not jawless vertebrates (agnathans) or any other metazoan phyla 
(Danchin et al., 2004; Klein & Sato, 1998). Since the discovery of MHC, it has been extensively 
researched in mammals, but it was only 20 years ago the first MHC genes were identified in carp 
(Hashimoto et al., 1990). Following Hashimoto et al. (1990) many MHC genes were isolated in 
other teleosts including Atlantic salmon (Fosse et al., 1991; Grimholt et al., 1993; Hordvik et al., 
1993), rainbow trout (Glamann et al., 1991; Juul-Madsen et al., 1992), and carp (Ono et al., 
1993). The idea of using MHC typing in conservation biology has been an important topic 
recently. MHC typing can be used to give more information than just genetic diversity, it has 
been associated with individual variation in parasite load, local adaptations, maternal-foetal 
interactions, life-time reproductive success, mate choice and used to plan captive breeding 
programs (Ujvari & Belov, 2011). 
 
Structure differences and rearrangements in MHC have been seen in different mammals, 
birds and amphibians to various degrees when compared to humans (Dixon et al., 1995; Flajnik 
& Du Pasquier, 1990; Miller et al., 1994; Nakamura et al., 1986; Salter-cid, Kasahara, & 
Flajnikl, 1994). Even though variation was seen in each different species, most contained a 
chromosomal cluster where the classical class I and II genes were linked. The teleostean fish 
were the first discovered where this was not the case. Bingulac-Popovic and co-workers (1997) 
revealed that within zebrafish, Danio rerio, the two classes were on separate chromosomes and 
the class II loci were split between at least two different chromosomes. Following this study, 
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nonlinkage was seen in many other teleosts including carp (Wiegertjes et al., 1997), salmon (Stet 
et al., 1997), stickleback, guppy and cichlids (Sato et al., 2000). From this, it has been shown 
within the jawed vertebrates, the tetrapods and teleostean fishes have their MHC loci arranged 
differently. Following continuous studies that confirmed the nonlinkage of MHC genes in most 
teleosts, Stet and Dixon started referring to them as simply MH genes as the “complex” within 
the name was suggestive of the linkage of genes in tetrapods (Dixon & Stet, 2001; Dixon, 2008).  
 
1.7 Major Histocompatibility Complex Regions 
 
It has been nearly 15 years since the complete human MHC sequence and gene map was 
reported. The 3.6-Mbp DNA sequence consisted of 224 gene loci located on chromosome 6 
(MHC Sequencing Consortium, 1999). In mammals, the MHC consists of three regions class I, II 
and III. Most notably, class I and II genes encode proteins involved in antigen presentation.  
 
The MHC class I molecule is a cell-surface heterodimer containing a membrane bound 
alpha “heavy” chain and a light chain. The alpha 1 and 2 of the heavy chain fold together to form 
the peptide binding groove, which is known to be highly polymorphic allowing the ability to 
bind a variety of peptide antigens 8-10 amino acids in length (Engelhard, 1994). β2m is critical 
to the cell-surface stability of the receptor and without it the heavy chain is unable to bind 
peptides to present to CD8+ T-lymphocytes (Vitiello, Potter, & Sherman, 1990). Thus, the heavy 
alpha chain binds non-covalently to the non-polymorphic light chain β2m in the rough 
endoplasmic reticulum (RER) waiting for peptide antigens to be translocated into the 
endoplasmic reticulum (ER). Endogenous proteins representing intracellular pathogens such as 
viruses and bacteria are degraded to peptide antigens by the proteasome within the cytosol. 
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These peptide antigens are translocated to the ER by the transporter TAP (Murphy, Travers, & 
Walport, 2008). Once the peptide antigen binds to the MHC class I molecule to complete its 
folding, the MHC class I molecule is released from the ER and exported to the surface of all 
nucleated cells (York & Rock, 1996). 
 
The MHC class II receptor (Figure 1.1) is also a heterodimeric molecule containing two 
membrane bound subunits, an alpha chain and beta chain. The two polypeptide chains are 
noncovalently associated and each contain a transmembrane, cytoplasmic and two structural 
external domains (Steinmetz & Hood, 1983). The alpha 1 and beta 1 domains also fold to  form 
the highly polymorphic peptide binding groove, which is open at both ends compared to MHC 
class I molecules. This open peptide binding region allows for larger peptide antigens of 12-16 
amino acids in length to be bound (Hemmer et al., 2000). While the peptide binding regions 
show high allelic variation the alpha and beta 2 domains are very conserved like the alpha 3 
chain in MHC class I receptors. MHC class II molecules are expressed on the cell surface of 
antigen presenting cells (APCs) such as macrophages, B lymphocytes and dendritic cells which 
present exogenous extracellular peptides to CD4+ helper T lymphocytes (Watts, 1997). The 
MHC class II receptor is loaded with these extracellular peptide antigens using the lysosomal 
pathway. Vesicles containing degraded extracellular peptide fragments fuse with the MHC class 
II dimer, which was originally produced within the RER (Murphy et al., 2008). The MHC class 
II molecule cannot bind a peptide within the RER because the groove is blocked by the MHC 
class II associated invariant chain. The CLIP peptide from the invariant chain is released within 
the endocytic pathway and once released; the MHC class II molecule binds the exogenous 
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peptides degraded from the lysosomes and travels to the cell surface to be expressed on APCs 



















Figure 1.1. Major Histocompatibility Class II Molecule. 
 
The MHC class II complex contains two membrane bound subunits, an alpha chain with two 
extracellular domains α1 and α2 and beta chain with two extracellular domains β1 and β2. The two 
polypeptide chains are noncovalently associated and each contain a transmembrane, cytoplasmic 
and two structural external domains (Steinmetz & Hood, 1983). The α1 and β1 domains fold to 







The third region of the MHC region called class III encodes genes for various immune 
functions such as the complement system, members of the tumor necrosis factor (TNF) family as 
well as other functionally unrelated proteins and cytokines (Danchin et al., 2004).  
 
1.8 MHC Polymorphism 
 
Even though MHC class I and II have very similar structures containing conserved amino 
acid sequences, there are domains within each protein known as the peptide binding regions that 
are highly polymorphic. The MHC is known to contain the most highly polymorphic nuclear 
encoded genes known (Nei & Hughes, 1991). Since 1989, alleles have been analyzed and named 
from the MHC genes HLA (Human leukocyte antigen) class I and II in humans. Currently, there 
are a total of 8,016 HLA alleles known: 6,292 are HLA class I alleles and 1,724 are HLA class II 
alleles (Robinson et al., 2011). Every individual human has three HLA class I genes and possibly 
four HLA class II genes on chromosome 6, thus a person can expresses up to six different HLA 
class I alleles and eight different HLA class II alleles on his or her cells (Murphy et al., 2008). 
Therefore, the number of possible combinations for class I and class II alleles in the human 
population is so vast that it is highly unlikely that any two individuals will ever share the same 
set of HLA class I and II alleles unless they are identical twins. This large pool of alleles allows 
for a wide range of protection against the various pathogens as well as different alleles will have 
different capacities for binding peptides.  
 
The extent of MHC polymorphism seen in humans does not occur in every species, for 
example the cheetah. In a study by O’Brien and Yuhki, (1999) there was only 4 MHC class II 
beta alleles within 6 individual African cheetahs. Comparable to the cheetah, there were only 10 
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MHC class II beta alleles within 40 individual tigers. Based on the small populations and limited 
samples the cat family (Felidae) does show limited polymorphism. Although a small pool of 
alleles within a population can affect the ability of species to combat diseases and pathogens 
leaving them susceptible to new emerging infectious pathogens. This can contribute to the fact 
that many wild species of the cat family (Felidae) are endangered around the world. Pathogens 
have the potential to cause very intense selection pressures on particular MHC alleles and as a 
result the fitness difference conferred by alleles carried by individuals has been observed as high 
as 0.5 (Lohm et al., 2002). 
 
The best examples of how a specific MHC allele can provide increased resistance to 
infectious diseases is detected in studies using model organisms where the species can be 
challenged and observed under controlled conditions. A great example of this occurs in the 
chicken, where varying B haplotypes have clearly demonstrated a range of resistance to Marek’s 
disease (Bacon, 1987; Bacon, Hunt, & Cheng, 2000). Specifically, allele B21 was revealed to 
confer 7 times more resistance when compared to other alleles (Burgess, Basaran, & Davison, 
2001). There are also many examples where certain haplotypes within humans can increase 
resistance or increase susceptibility to a disease.  
 
1.9 Trans-Species Polymorphism 
 
Jane Klein (1987) proposed the “Trans-Species Hypothesis” to explain the phenomenon 
of the origin and significance of MHC polymorphism. The trans-species hypothesis states that 
present differences between alleles of MHC loci within a current species were already 
established in extinct species in the ancestral evolutionary line (Klein, 1987; 1989). Thus, MHC 
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polymorphism usually predates the present species that maintain it, meaning identical, or nearly 
identical, sequences could occur in different species which have been separated for millions of 
years. 
 
Following the emergence of this hypothesis, it was not long before support was 
published. Within a year a paper published comparing chimpanzee and human MHC class I 
alleles (Mayer et al., 1988), concluding that some human alleles are much more similar to 
chimpanzee alleles than to other human alleles. It was then seen in a comparison between the 
mouse and rat (McConnell, Talbot, McIndoe, & Wakeland, 1988). Research done on the cichlids 
of Lake Malawi showed shared polymorphic MHC lineages in a group of species that diverged 
6000 to 2 million years ago (Klein, Satta, & O’hUigin, 1993). Following that, Graser et al. 
(1996) discovered allelic lineages that are related in three different Danio species (Cyprinidae) 
of the class II gene. More recently, Ottova et al. (2005) looked at 11 fish species within the 
Cyprinidae family and the evolution of exon 2 in MHC class II beta gene featured  phylogenetic 
trees with clusters containing alleles from several different fish species (Ottova et al., 2005). 
Trans-species polymorphism was limited to within the subfamilies Cyprininae and Leuciscinae 
but not between them. A study on Atlantic salmon and brown trout by Stet et al. (2002) provided 
support, showing species with a short divergence time of about 4.5 million years have alleles 
with more similarity to another species than alleles of the same species. Carp and barbels shared 
a common ancestor over 30 million years ago and both shared equivalents of class II MHC genes 
with zebrafish, from which they diverged more than 50 million years ago (Dixon et al., 1996). 
These orthologous sequences have been passed down the evolutionary line showing that 




There have been some species where very little support for trans-species polymorphism 
has been determined. A study of Pacific salmonids class II beta sequences by Miller and Withler 
(1996) proposed that there is little evidence for trans-species or shared ancestral polymorphism 
in the genus Oncorhynchus. They determined that very few alleles of O. tshawystscha and O. 
kisutch grouped or aligned with alleles of other species. Speciation in the genus Oncorhynchus is 
estimated to have occurred around 10 million year ago but the authors reasoned that there was 
little trans-species polymorphism due to the numerous founder effects resulting from the 
numerous glaciations that the Oncorhynchus species has dealt with. A few years later endangered 
Chinook salmon in a California lake were seen to carry alleles that descended from two of six 
major lineages that are common to all Pacific salmon (Garrigan & Hedrick, 2001). The most 
recent common ancestor of all the alleles probably existed approximately 15 million years ago, 
before the Pacific salmon species radiation. These studies endorsed the validity of trans-species 
hypothesis once again showing that it occurs within all species. The idea that founder effects 
from glaciations removed all differences in alleles from ancestral species is very unlikely. It is 
possible though that the evolution of trans-species polymorphism is related to speciation and 
diversification patterns of species (Stet et al., 2002). Some species will show much higher levels 
of trans-species polymorphism compared to others depending on their evolutionary history.  
 
1.10 Sources of MHC Polymorphism and Diversity 
 
It is thought that multiple factors contribute to the high levels of MHC gene 
polymorphism detected within a typical population. It could not just be generated through the 
17 
 
accumulation of single point mutations over time thus it is believed that the process may include 
recombination, gene conversion and pathogen-mediated selection (Spurgin & Richardson, 2010).  
 
 Intralocus or interallelic recombination is thought to be one of the processes contributing 
to polymorphism within the peptide binding regions of MHC genes. Recombination can occur in 
a small scale fashion or a large scale fashion. Small scale recombination occurs when only short 
stretches of nucleotides are transferred from one allele to another compared to large scale 
recombination which involves exchanging one or more full exons (Yeager & Hughes, 1999). 
Extremely complex hotspots of recombination have been identified in some species where the 
recombination rates have exceeded the rate of point mutations by up to ten times (Schaschl et al., 
2005).  
 
Pathogen-mediated selection (PMS) is believed to generate extraordinary levels of MHC 
diversity. PMS is thought to be driven by three mechanisms: heterozygote advantage, inverse 
frequency dependence and fluctuating selection. Heterozygote advantage suggests heterozygotes 
can respond to a wider range of pathogenic peptides than homozygotes at MHC loci, thus 
benefiting from increased resistance (Hughes & Nei, 1988). It can play a role when pathogen 
resistance is dominant meaning heterozygotes exhibit the same level of fitness as the fittest 
homozygote therefore the heterozygous genotype has higher levels of fitness than the average for 
all homozygotes (Spurgin & Richardson, 2010). If overdominant, the combined effect of two 
alleles at a locus will result in the heterozygote being fitter than the fittest homozygote (Spurgin 
& Richardson, 2010). Inverse frequency dependence says that there is strong selection on 
pathogens to overcome the resistance of the most common MHC alleles causing new low 
18 
 
frequency alleles to arise which provide greater pathogen protection, giving a selective 
advantage (Takahata & Nei, 1990). Finally fluctuating selection proposed that variation in the 
abundance of pathogens present may maintain diversity at MHC (Hill, 1991). It is believed that 
if the pathogens challenged by an organism fluctuate so will directional selection, leading to 
different MHC alleles selected upon at various times. This varying selection will maintain the 
genetic diversity across subpopulations (Spurgin & Richardson, 2010). It is thought that all three 
of these mechanisms work concurrently or separately in order to increase MHC diversity and 
polymorphism within populations. Some populations may have increased polymorphism as a 
result of increased pathogen loads, compared to some populations where there are low levels of 
pathogens located within their environments. 
 
A great example of how selection by pathogens can shape MH alleles frequencies was 
seen in wild Atlantic salmon populations. Eggs with known haplotype frequencies from parental 
crosses were released into a river and six months later the surviving individuals were analyzed 
(De Eyto et al., 2007). Selection resulting from disease would be detectable at immunogenic loci 
like MH while forces like genetic drift, migration and mutation would be detected at both the 
control and immunogenic loci. Both MH class I and class II loci along with eight control markers 
were tracked in the study but the MH class I along with the controls did not diverge from the 
parental ratios. The MH class II frequencies diverged significantly, showing directly that 
selection by wild pathogens shaped the allele frequencies. Two other studies on Atlantic salmon 
showed the effect selection can have on MH polymorphism. Langefors et al. (2001) showed the 
impact of the bacterium, Aeromonas salmonicida on MH class II beta alleles and how pathogen-
driven selection maintained MH polymorphism. Following this, Grimholt et al. (2003) exhibited 
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the association between MH class I and class II polymorphism with disease resistance to 
infectious salmon anaemia virus (ISAV) and the bacterium Aeromonas salmonicida. 
 
1.11 MHC as a Population Marker 
 
Any genomic area that contains high levels of variability may be used as a molecular 
marker for population differentiation. The MHC is known to contain the most highly 
polymorphic nuclear genes known, which play a crucial role in the immune response to foreign 
antigens (Nei & Hughes, 1991). For this reason, the MHC is a molecular marker not only for the 
genetic variability of individuals within populations, but also for their interactions with the 
environment due to the presence of new pathogens. MHC allele polymorphism is vital to most 
species as it allows a wide range of protection against a large variety of pathogens. Since these 
markers are subject to rapid selection, they provide a potential method to differentiate 
populations that have been separated for only short periods of evolutionary time. 
  
Many population studies have been performed to assess the use of MHC as a population 
marker, specifically comparing the patterns of MHC diversity to that of neutral markers. Two 
studies on salmonid fishes reported differential patterns of population structure between the MH 
and neutral loci markers. A study on wild Atlantic salmon (Landry & Bernatchez, 2001) 
compared the MH class II beta gene and microsatellites as population markers to see the genetic 
differentiation within populations. Landry and Bernatchez concluded that local adaptation may 
have promoted the maintenance of different subsets of alleles among different populations in 
Atlantic salmon as higher population differentiation was seen using MH markers. Following this, 
a study by Miller et al. (2001) on sockeye salmon reported a higher level of population 
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differentiation using MH markers compared to microsatellites. They concluded that the high 
degree of population variation at MH may have been due to spatial and/or temporal 
heterogeneity in pathogen driven directional selection. Both of these studies in salmonids 
showed excellent examples of higher levels of population differentiation seen using MH markers 
than were detectable with microsatellites (Bernatchez & Landry, 2003). MH class II beta 
differentiation in Steelhead populations in California was also higher than that seen with 
microsatellites (Aguilar & Garza, 2006). MH loci were determined to be particularly useful once 
the populations were separated into three different geographic regions.  
 
MH genes have also been shown to be a useful marker system without the use of neutral 
markers. Genotypic studies by Dorschner et al. (2000) and Noakes et al. (2003) on lake trout 
showed high levels of diversity along with the ability to possibly differentiate populations. 
Conejeros et al. (2012) in a study on Arctic charr (Salvelinus alpinus) showed that MH class II 
genes were successful in differentiating populations, particularly the β subunit.  
 
1.12 MH Gene Polymorphism in Fish Populations 
 
 A high degree of MH gene polymorphism has been seen in many fish species and has 
also been used to differentiate morphotypes, populations and even stocks. Lake Tana in Ethiopia 
contains 14 barbel morphotypes, each of which inhabits different ecological niches within the 
lake. A study by Dixon et al. (1996) followed by Kruiswijk et al. (2004, 2005) differentiated four 
sympatric barbel morphotypes using the MH class II beta gene discovering more polymorphism 
than is seen in many mammals. A total of 57 alleles in only 17 individuals were discovered 




 MH has been used as a population marker in many salmonid studies to differentiate 
populations. In Pacific salmon, Miller and Withler (1996) identified 29 different MH class II 
alleles by sequencing the beta 1 and beta 2 domains from 35 individual fish. Following this, 
Miller identified more MH alleles but this time in Chinook salmon. The study revealed 21 MH 
class I alpha 1 alleles from 36 fish but only 3 class II beta 1 alleles were identified within 47 fish 
(Miller, Withler, & Beacham, 1997). Thus the allelic diversity of class II beta 1 compared to 
class I was much lower, although the class II beta locus provided almost a complete separation of 
the two populations studied. A final study was done in Sockeye salmon showing how variation at 
the MH class II beta locus throughout 31 populations was greater than a neutral genetic marker. 
Miller et al. (2001) detected 25% variation at the MH locus compared to only 5% variation at 
neutral loci. 
 
In Atlantic salmon, variation of MH class II beta locus was compared among 14 samples 
from seven different rivers and seven subpopulations selected to cover a variety of habitats and 
geographical scales. A total of 40 nucleotide positions out of 254 were determined to be 
polymorphic within the 18 MH class II beta alleles (Landry & Bernatchez, 2001).  A different 
study by Langefors et al. (2001) supported MH polymorphism through pathogen-driven selection 
demonstrated similar amounts of polymorphism within Atlantic salmon with 53 variable 
nucleotide positions among 257 nucleotides for a total allele count of 17.  
 
 High amounts of polymorphism were also seen in Arctic charr in two separate global 
studies, one using the MH class II alpha and the other using MH class II beta as a marker. The 
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MH class II alpha gene as a marker had high amounts of polymorphism with 27 different alleles 
within 66 fish, 33 of which had two different alleles (Conejeros et al., 2008). The study using 
MH class II beta gene as a marker located 21 unique alleles that varied in length by 3-6 bp with a 
mean sequence divergence of 7% within 65 individuals (Conejeros et al., 2012). Throughout 
many of these studies the levels of polymorphism and diversity were high if compared to other 
genes. Any study that detected populations with low amounts of genetic diversity and 
polymorphism may have been the result of small sample sizes. High levels of allelic diversity 
and polymorphism were also shown in lake trout from Lake Superior. In a study by Dorschner et 
al. (2000) 43 MH class II beta alleles were obtained from 74 fish in six different populations. 
This was followed up a few years later by Noakes et al. (2003) who identified 65 genotypes in 80 
lake trout from the Apostle Islands within Lake Superior. Only 20% of alleles were shared 
between the siscowet and lean morphotypes.  
 
1.13 Objectives of Proposed Research  
 
The aim of this project was to assess the diversity of the major histocompatibility (MH) 
class II beta gene within Ontario lake trout populations, as well as differentiation among 
populations based on ancestry. Native, mixed ancestry and hatchery lake trout populations across 
Ontario were characterized for MH diversity and allelic states to assess their diversity and 
divergence. From this, a geographic map of MH structure and diversity was generated and 
compared to previous studies that relied on neutral markers. The introgression of MH class II 
beta alleles within the mixed-ancestry populations and the significance of adaptive genetic 
diversity within and among populations from different histories will be important for 
management and research of stocks.  
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If the MH class II beta gene works well as a population marker then significant 
differentiation between inland (wild) and hatchery based lake trout populations can be expected. 
The hypothesis is that although the majority of lake trout populations within Ontario were largely 
founded by a single Mississippian source, these populations will have diverged from one another 
and become genetically distinct due to habitat isolation and local adaptation. Historical stocking 
of hatchery-reared lake trout into the indigenous native populations may have caused a 
homogenizing effect on the native population’s allelic diversity. Finally, higher amounts of 
allelic diversity compared to a single locus system will be present due to the existence of 
multiple MH class II beta loci. Multiple loci have been shown in other salmonids, for example 





















Chapter 2 – Materials and Methods 
 
2.1 Fish Samples for Population Study 
 
Approximately 20 individual fish from each of 11 lake trout populations (Figure 2.1) from across 




Figure 2.1. Eleven lake trout populations involved in this study, ten of which are located within 
Ontario and one in New York. Study lakes are indicated with different coloured markers. A – 
Dickey Lake, B – Opeongo Lake, C – Slate Islands, D – Lake Manitou, E – Seneca Lake, F – 
Kingscote Lake, G – Lake Simcoe, H – Michipicoten Lake, I – Hogan Lake, J – Macdonald 
Lake, K – Crystal Lake. 
 
These populations were put into three main categories: native, hatchery stocking sources and 





Table 2.1: Lake trout samples across Ontario distributed into native, hatchery stocking sources 
and native/historically stocked populations.  
 
Native Hatchery Stocking Sources Native/Historically Stocked 
Macdonald Lake Slate Islands Kingscote Lake 
Crystal lake Manitou Lake Opeongo Lake 
Hogan Lake Seneca Lake Simcoe Lake 
Dickey Lake Michipicoten Lake  
   
Refugia group samples were collected from various areas in Canada to use for comparison to the 
Ontario populations. The specific lake trout populations for each refugia group can be seen in 
Table 2.2 and the locations are shown in Figure 2.2. 
 
Table 2.2: Lake trout refugia samples across Canada. Numbers in brackets indicate the number 
of samples from each lake within the respective refugial groups. 
 
Refugial Group Lakes 
Atlantic Lac Archambault (1) 
Mississippian Hawley Lake (4) 
Atlantic/Mississippian Seneca Lake (5), Conferderation Lake (1) 
Beringian Island Lake (6), Toolik Lake (6) 
Nahanni Ugashik Lake (4), Kusawa Lake (4) 





Figure 2.2. Refugia lake trout sampling locations across Canada. Lakes are indicated with 
different coloured markers. A – Lac Archambault (Quebec), B – Hawley Lake (Ontario), C – 
Seneca Lake (New York), D – Confederation Lake (Ontario), E – Island Lake (Alaska), F – 




2.2 DNA Extraction for Refugia Samples 
 
Samples received in ethanol or as a dried fin clip were soaked in TE buffer (100mM Tris, 
1mM EDTA) for 1-2 hours, followed by an overnight incubation in 197µl of fish extraction 
buffer (100mM Tris, 10mM EDTA, 240mM NaCl, 1% SDS) and 300ug/ml of Proteinase K at 
55°C. The next morning, samples were removed from incubation and extracted using phenol-
chloroform. One volume of phenol was added, centrifuged for 5min at 15 000 rpm and the top 
layer removed to a new tube and repeated. This was followed with adding one volume of 
chloroform, centrifuged for 5min at 15,000 rpm and the top layer removed to a new tube. 
Following the phenol-chloroform, RNase treatment of the DNA was performed using RNase A 
(1mg/mL) and incubated in a water bath at 37°C for 30 minutes. DNA was precipitated with 
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200µl of 2-propanol and incubated overnight at -20°C. Following centrifugation at 15,000 rpm 
for 15 minutes the DNA was resuspended in 400µl of TE. The DNA was then precipitated again 
using 1/10 volume of 3M Acetic acid (CH2COONa pH 5.2) and 2 volumes of ethanol.  The tubes 
were inverted a few times to mix and incubated overnight at -20°C for maximum yield. After 
incubation, DNA was pelleted by centrifugation for 15 min at 15,000 rpm and washed twice with 
70% ethanol. The final DNA pellet was resuspended in 50 μl of water and stored at 4°C for 
short-term storage but -20°C for long-term storage. 
 
2.3 PCR and Cloning 
 
2.3.1 Polymerase Chain Reaction 
 
In order to assist with differentiation of the two potential loci that may be present, a 
region of the intron sequence was included in the amplicon. PCR forward (LT FWD2: 5’ –ACT 
CCT CAA AGG ACC TGC ATG GT– 3’) and PCR reverse (LT REV2: 5’ –CTC AGT GTT 
TAA ATA TAG TTG CAG CT– 3’) primers were designed to match a conserved region at the 
beginning of the second exon, and within the second intron. The primers were based on 
sequences of full-length lake trout MH class II genes previously amplified using PCR forward 
(SAALDABF: 5’ – GAT ACT CCT CAA AGG ACC TG– 3’) and PCR reverse (SAALDABR: 
5’- CTC AGC CAG GTC ACT CTG – 3’) previously used in the laboratory (Conejeros et al., 
2012). 
 
Using LTFWD2 and LTREV2, lake trout samples were amplified using polymerase chain 
reaction (PCR) to give an amplicon of 500 bp in length. For each individual fish two independent 
amplification reactions were performed with an initial denaturation at 95°C for 2 min, plus 25 
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cycles of 95°C denaturation for 30 sec, 40 sec of 53°C of primer annealing and 72°C extension 
for 2 min. A final extension at 72°C for 10 min was performed to ensure the addition of an A 
overhang at the end of the complementary strand.  
 
2.3.2 Gel Extraction, Ligation and Transformation 
 
 The PCR products were separated by gel electrophoresis on a 1% agarose gel and 
visualized with gel red (Biotium, Hayward, CA, USA) to confirm that the fragments were of the 
predicted length. The DNA amplicons were then extracted from the agarose gel using the 
QIAquick Gel Extraction Kit (Qiagen, Mississauga, ON) and ligated into pGEM- T easy vector 
following the manufacturer’s instructions (Promega Corporation, Madison, WI). Following 
ligation, the products of each individual PCR reaction were transformed into XL1-Blue MRF 
Escherichia coli bacteria and plated on LB agar plates containing ampicillin (100ug/ml), 
100ug/ml X-gal and 1uM IPTG (isopropyl-β-D-1-thiogalactopyranoside).  
 
2.3.3 Miniprepation of plasmid DNA 
 
 Six to eight single white colonies from each PCR reaction were selected from the plate to 
be inoculated in an LB broth with ampicillin at a concentration of 100ug/mL. They were grown 
overnight in a shaker-incubator at 37°C with 200-225 rpm shaking. The next day, inoculated 
cultures were pelleted by centrifugation at 10,000 rpm for 5 minutes and the supernatant was 
removed as the pellets were placed on ice. The pellet was resuspended in Solution I (50mM 
glucose, 25 mM Tris-HCl pH 8.0, 10mM EDTA pH 8.0) by vortexing vigorously followed by 
the addition of Solution II (0.2M NaOH and 1% SDS). The tubes were mixed by inversion and 
29 
 
placed on ice for 5 minutes. After the addition of Solution III (3M potassium acetate and 11.5% 
(v/v) acetic acid) tubes were inverted multiple times, incubated on ice for 5 minutes and 
centrifuged at 15 000 rpm for 5 minutes. The supernatants were transferred to a new tube with 
the addition of RNase A (1mg/mL) and incubated in a water bath at 37°C for 30 minutes. 
Following incubation, 1 volume of pre-chilled isopropanol was added and tubes were inverted 
and incubated overnight in the -20°C to allow for maximum DNA precipitation. The next day, 
the DNA was pelleted by centrifugation at 15 000 rpm for 15 minutes, washed twice with pre-
chilled 70% ethanol and dissolved in 20µl of milliQ water. The DNA solution was heated to 65-
70°C for 10 minutes to ensure the DNA had dissolved into solution and concentration measured 
with a NanoDrop. 
 
2.3.4 Restriction Enzyme Digestion 
 
Digests were performed using the FastDigest® system (Fermentas, Burlington, ON) 
using the FastDigest® enzyme EcoRI following the manufacturer’s instructions. Following 





Following determination of DNA concentrations, clones that were determined to have 
proper sized inserts were sent for sequencing. DNA was added to plates and sent to the Trent 
University DNA Sequencing Lab (Trent University, Peterbourgh, ON) or the Centre for Applied 
Genomics (SickKids, Toronto, ON) for sequencing. Plasmids were sequenced in both directions 




2.5 Data Analysis  
 
The sequences obtained were aligned using the software Muscle (Edgar, 2004). An 
alignment with previously sequenced full length class IIβ sequences from lake trout (Dorschner 
et al. 2000; Noakes et al. 2003) was used as a guide for locating the end of the second exon and 
beginning of the intron. Bioedit (Hall, 1999) was used to find and correct sequences containing 
singleton errors, define the open reading frames and trim sequences to correct length. DnaSP v5 
(Librado and Rozas, 2009) was used to calculate the haplotype and nucleotide diversities of the 
sequences among and within the populations using Nei model (Nei, 1987). Mega 5 (Tamura et 
al., 2011) was used to calculate the rates of non-synonymous/synonymous substitutions using the 
Nei-Gojobori model (Nei and Gojobori, 1986) using the Jukes-Cantor correction. 
 
2.6 Phylogeographic Analysis 
 
 Sequences of all unique alleles from refugial and study populations were analyzed using 
jModelTest (Posada, 2008) to carry out statistical selection of the model of best-fit for nucleotide 
substitution. The best model of evolution was used to compute neighbor-joining, maximum 
parsimony and maximum likelihood trees using PAUP*4.0b10 (Swofford, 2003). The neighbor-
joining and maximum parsimony trees were bootstrapped 1000 times and values were added to 








2.7 Network Analysis 
  
Genealogical relationships among nucleotide sequences were analyzed by constructing a 
haplotype network using the parsimony method of Templeton et al. (1992). It estimates the 
maximum number of substitutions to connect parsimoniously two alleles with a confidence 
connection limit or a maximum number of connection limit steps beginning with linking 
sequences with the smallest number of differences.  It also estimates the most likely allele 
outgroup allowing the identification of the most ancestral alleles in the study. The analysis was 
performed with the software TCS vs. 1.21 (Clement et al. 2000) using a 95% confidence interval 

























Chapter 3 – Results 
 
3.1 Allelic Sequences of Ontario/New York populations 
 
A total of fifty-seven unique MH class II β1 alleles were identified in 215 individual lake 
trout from 10 lakes within Ontario and one in New York with a 0.0648 intrapopulation diversity. 
The 234 nt exon sequence (Figure 3.1) encoded 78 amino acids from the β1 domain (Figure 3.2). 
Of the 57 alleles, 32 were unique and within one lake while 25 alleles were common throughout 
the multiple lakes in the study (Table 3.1). Slate Islands had the highest allelic richness (2.53) 
and Macdonald has the lowest of 1.74 (Table 3.2). Manitou Lake had the highest haplotype 
diversity (0.912) and Seneca lake had the highest nucleotide diversity (0.0719) while Kingscote 
had the lowest nucleotide and haplotype diversities (Table 3.2). Only two common alleles were 
identified within all the populations studied, Sana-DAB 4 which had an allele frequency of 0.243 
within the populations as a whole and occurred at a frequency as high as 0.375 within an 
individual population, and Sana-DAB 5 which had an allele frequency of 0.126 within the 
populations as a whole and as high as 0.327 within a single population (Table 3.3). 
Five alleles in this study (Sana-DAB 3, 11, 20, 21 and 48) were in common with the 
Dorschner et al., (2000) study on lake trout within Lake Superior. The common MH class II β 
allele nucleotide sequences were in GenBank with the accession numbers: AF13008, AF129994, 








Figure 3.1.  Nucleotide sequences of MH class II β1 unique alleles in lake trout from 11 populations. GenBank accession numbers are 
listed for the five common alleles in the Dorschner et al., (2000) study.  
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Figure 3.1 continued. Nucleotide sequences of MH class II β1 unique alleles in lake trout from 11 populations. GenBank accession 
numbers are listed for the five common alleles in the Dorschner et al., (2000) study. 
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Figure 3.2.  Protein sequences of MH class II β1 unique alleles in lake trout from 11 populations. GenBank accession numbers are 
listed for the five common alleles in the Dorschner et al., (2000) study. 
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Sana-DAB 21/AF130030 . . . . . . . . . F . . . . Y . . Q A . Y V . . . . . . . . . . . . . . Y . . . . . . . . . . G . E - . G P . . . . . . . . . . R . . . I Y . G . . . . . .
Sana-DAB 22 . . . . . . . . . . . . . . Y . . Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . E - . . . . . . . . . . Y . . . . . . . . . . . . . . . .
Sana-DAB 23 . . . . . . . . . . . . . . Y . . Q . . H . . . . . . . . . . . . . . . . . L . . . . . . . . G . E - . . . . . . . . . . Y . . Y . . . . . . . . . . . . .
Sana-DAB 24 . . . . . . . . . F . . . . . . . Q . . N . . . . . . . . . . . . . . . L . L . . . . T . . . G . V - . . . . . . . . . . . . . . . . D I . . . . . . . . .
Sana-DAB 25 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . G . E - . . . . . . . . . . . . . R . . . . . . . . . . . . .
Sana-DAB 26 . . . . . . . L . F . . . . . . D Q . . . . . . . . . . . . . . . . . . . . . . . . . T . . . G . E - . . . . . . . . . . F . . R . . . . . . . . I . . . .
Sana-DAB 27 . . . . . . . L . F . . . . . . . Q . . . . . . . . . . . . . . . . . G . . . . . . . T . . . G . E - . . . . . . . . . . F . . R . . . . . . . . I . . . .
Sana-DAB 28 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . A
Sana-DAB 29 . . . . . . . A . M . T . . . . . Q . . N . . . . . . . . . F . . . . . . . . . . . . . . . . G . E - . . . . . . . . . . Y . . P . . . I Y . . N . . . . .
Sana-DAB 30 . . . . . . . V . L . T . . . . . Q . . . . . . . . . . . . F . . . . . . . . . . . . . . . . G . E - . . . . . . . . . . Y . . P . . . I Y . . N . . . . .
Sana-DAB 31 . . . . . . . L . L . T . . . . . . A . Y . . . . . . . . . F . . . . . . . L . . . . . . . . D . G I . . . . . . . . . . Y . . P . . . I D . . . . . . . .
Sana-DAB 32 . . . . . . . L . L . T . . . . . . A . Y . . . . . . . . . F . . . . . . . L . . . . . . . . D . G I . . . . . . . . K . Y . . P . . . I D . . . . . . . .
Sana-DAB 33 . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sana-DAB 34 . . . . . . . L . L . . . . . . . Q . . N . . . . . . . . . . . . . . . L . L . . . . T . . . G . V - . . . . . . . . . . . . . R . . D I . . . . . . . . .
Sana-DAB 35 . . . . . . . L K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sana-DAB 36 . . . . . . . L . L . T . . . . . . A . Y . . . . . . . . . F . . . . . . . L . . . . . . . . D . G I . . . . . . . . . . Y . . P . . . I D . . . . . . . .
Sana-DAB 37 . . . . . . . . K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . G . E - . . . . . . A . . . Y . . P . . D L . . . S . . . . .
Sana-DAB 38 . . . . . . . A . L . T . . . . D Q . . N . . . . . . . . . F . . . . . . . . . . . . . . . . G . E - . . . . . . . . . . Y . . P . . . I Y . . N . . . . .
Sana-DAB 39 . . . . . . . A . L . T . . . . . Q . . N . . . . . . . . . F . . . . . . . . . . . . . . . . G . E - . . . . . . . . . . Y . . P . . . I Y . . N . . . . .
Sana-DAB 40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . R . Q AQ . . S Y . . Y . . . I D . . V . . . . .
Sana-DAB 41 . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . G . E - . . . . . . A . . . Y . . P . . D L . . . N . . . . .
Sana-DAB 42 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . R . R AQ . . S Y . . Y . . . I D . . V . . . . .
Sana-DAB 43 . . . . . . . A . L . T . . . . . Q . . N . . . . . . . . . F . . . . . . . . . . T . . . . . G . E - . . . . . . . . . . Y . . P . . . I Y . . N . . . . .
Sana-DAB 44 . . . . . . . . . F . . . . . . . Q . . . . . . . . . . . . . . . . . G . . . . K . . T . . . G . E - . . . . . . . . . . F . . R . . . . . . . . I . . . .
Sana-DAB 45 . . . . . . . . . . . . . . Y . . Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . E - . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sana-DAB 46 . . . . . . . . . L . . . . . . . Q . . N . . . . . . . . . . . . . . . L . L . . . . . . . . G . V - . . . . . . . . . . . . . R . . D I . . . . . . . . .
Sana-DAB 47 . . . . . . . . . L . . . H . . . Q . . N . . . . . . . . . . . . . . . L . L . . . . T . . . G . V - . . . . . . . . . . . . . R . . D I . . . . . . . . .
Sana-DAB 48/AF130010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F . . . . . L . L . . . . T . . . G . E - . . . . . . Q . . S Y . . . . . D LD . . V A . . . .
Sana-DAB 49 . . . . . . . . . . . . . . Y . . Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sana-DAB 50 . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sana-DAB 51 . . . . . . . . . L . . . H . . . * . . N . . . . . . . . . . . . . . . L . L . . . . T . . . G . V - . . . . . . . . . . . . . R . . D I . . . . . . . . .
Sana-DAB 52 . . . . . . . A . L . T . . . . . Q . . N . . . . . . . . . F . . . . . L . L . . . . . . . . G . E - . . . . . . . . . . Y . . S . . . I Y . . N . . . . .
Sana-DAB 53 . . . . . . . L . F . . . . . . . Q . . . . . . . . . . . . . . . . . . . . . . . . . T . . . G . E - . . . . . . . . . . F . . R . . . . . . . . I . . . .
Sana-DAB 54 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . R . Q AQ . . S Y . . Y . . . I D . . V . . . . .
Sana-DAB 55 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . Y . . . . . . I . . . . . . . . .
Sana-DAB 56 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . E - . . . . . . . . . . Y . . P . . . I Y . . N . . . . .
Sana-DAB 57 . . . . . . . . . . . . . . . . . . . . . V . . . . . A . . . . . . . . . . . . . . . T . . . G . E - . . . . . . A . . . Y . . P . . D L . . . N . . . . .
36 
 
Table 3.1. Allelic diversity at Sana-DAB1 of lake trout populations studied. Ancestry was determined from previous studies on lake 
trout populations and hatchery strains (Grewe and Hebert 1988; Grewe et al. 1993; Halbisen and Wilson 2009; Stott 1998; Wilson and 




















Hogan Lake 21 4 1,2,3,4,5,6,7,8,9,10,11,43,44 13 2 No 
Mississippian 
and Atlantic 
Simcoe Lake 20 2 1,3,4,5,7,9,10,11,33,45 10 0 Yes 
Diverse 
ancestry 
Crystal Lake 20 10 1,3,4,5,7,8,9,10,12,13,14,15,16,17,31,46,47 17 5 No Mississippian 





Opeongo Lake 20 9 1,2,4,5,9,11,14,19,20,21,22,23,24,48,49 15 7 Yes 
Mississippian 
and Atlantic 





Dickey Lake 20 6 1,4,5,7,10,20,27,28,29,30,31,32,45,53,54,55,56 17 5 No Mississippian 





Kingscote Lake 18 4 1,4,5,8,20,36,37,38,57 9 3 Yes Mississippian 





Macdonald Lake 19 2 4,5,20,39,40,42,57 7 1 No Mississippian 





Table 3.2. Allelic richness (AR), haplotype diversity (h), nucleotide diversity (π), non-synonymous (dN) and synonymous (dS) 

















Hogan Lake 1.86 0.842 0.0579 0.0828 0.0421 1.97 
Simcoe Lake 1.8 0.849 0.0593 0.0781 0.0424 1.84 
Crystal Lake 2.45 0.887 0.0604 0.0758 0.0424 1.79 
Michipicoten Lake 2.1 0.820 0.0600 0.0831 0.0476 1.75 
Opeongo Lake 2.45 0.844 0.0658 0.0936 0.0479 1.95 
Slate Islands 2.53 0.833 0.0568 0.0761 0.0333 2.35 
Dickey Lake 2.2 0.893 0.0574 0.0769 0.0324 2.37 
Manitou Lake 2.25 0.912 0.0620 0.0893 0.0358 2.49 
Kingscote Lake 1.89 0.788 0.0548 0.0830 0.0192 4.32 
Seneca Lake 1.89 0.879 0.0719 0.0937 0.0366 2.56 
Macdonald Lake 1.74 0.809 0.0641 0.0905 0.0403 2.25 












Table 3.3. Allelic frequencies of all 57 unique alleles per population and study. 
 









Dickey Manitou Kingscote Seneca Macdonald Total 
             
Sana-DAB 1 0.128 0.056 0.061 0.061 0.041 0.063 0.091  0.029 0.029  0.053 
Sana-DAB 2 0.026    0.102   0.022    0.015 
Sana-DAB 3 0.128 0.028 0.082 0.102  0.042  0.022    0.040 
Sana-DAB 4 0.359 0.306 0.306 0.327 0.204 0.375 0.205 0.200 0.029 0.147 0.061 0.243 
Sana-DAB 5 0.077 0.111 0.082 0.082 0.327 0.063 0.182 0.089 0.265 0.029 0.030 0.126 
Sana-DAB 6 0.026           0.002 
Sana-DAB 7 0.026 0.194 0.061 0.122  0.042 0.023 0.044    0.049 
Sana-DAB 8 0.026  0.061 0.041    0.022 0.324   0.040 
Sana-DAB 9 0.051 0.056 0.041 0.020 0.020       0.018 
Sana-DAB 10 0.051 0.139 0.041    0.023 0.022    0.024 
Sana-DAB 11 0.026 0.056  0.020 0.020     0.029  0.013 
Sana-DAB 12   0.061         0.007 
Sana-DAB 13   0.020         0.002 
Sana-DAB 14   0.041 0.020 0.020 0.042    0.206  0.029 
Sana-DAB 15   0.020         0.002 
Sana-DAB 16   0.020         0.002 
Sana-DAB 17   0.041         0.004 
Sana-DAB 18    0.020        0.002 
Sana-DAB 19     0.020       0.002 
Sana-DAB 20     0.041  0.182 0.089 0.235 0.029 0.121 0.060 
Sana-DAB 21     0.061       0.007 
Sana-DAB 22     0.020       0.002 
Sana-DAB 23     0.020       0.002 
Sana-DAB 24     0.020       0.002 
Sana-DAB 25      0.021      0.002 
Sana-DAB 26      0.021      0.002 
Sana-DAB 27      0.146 0.068 0.067    0.029 
Sana-DAB 28       0.023     0.002 
Sana-DAB 29       0.023     0.002 
Sana-DAB 30       0.023     0.002 
39 
 






Michipicoten Opeongo Slate 
Islands 
Dickey Manitou Kingscote Seneca Macdonald Total 
Sana-DAB 31   0.020    0.023 0.089    0.013 
Sana-DAB 32       0.023 0.178  0.176  0.033 
Sana-DAB 33  0.028    0.021  0.022    0.007 
Sana-DAB 34        0.022    0.002 
Sana-DAB 35        0.022    0.002 
Sana-DAB 36         0.029   0.002 
Sana-DAB 37         0.029   0.002 
Sana-DAB 38         0.029   0.002 
Sana-DAB 39          0.059 0.242 0.022 
Sana-DAB 40          0.206 0.303 0.038 
Sana-DAB 41          0.029  0.002 
Sana-DAB 42           0.030 0.002 
Sana-DAB 43 0.051       0.022    0.007 
Sana-DAB 44 0.026           0.002 
Sana-DAB 45  0.028     0.023     0.004 
Sana-DAB 46   0.020 0.020        0.004 
Sana-DAB 47   0.020 0.020  0.021      0.007 
Sana-DAB 48     0.061       0.007 
Sana-DAB 49     0.020       0.002 
Sana-DAB 50      0.042      0.004 
Sana-DAB 51      0.021      0.002 
Sana-DAB 52      0.021      0.002 
Sana-DAB 53      0.042 0.023     0.007 
Sana-DAB 54       0.023 0.022  0.029  0.007 
Sana-DAB 55       0.023     0.002 
Sana-DAB 56       0.023     0.002 







3.2 Refugia Sequences 
 
 A total of 35 fish from five different refugia groups were analyzed (Table 3.4) finding 2 
Mississippian alleles, 8 Atlantic alleles, 10 Beringian alleles, 9 Nahanni alleles and 2 Montana 
alleles. These 41 alleles were derived from the same 234 nt exon sequence amplified in the 
Ontario/New York populations above (Figure 3.3 and 3.4) and common alleles were seen in the 
Atlantic/Beringian and Beringian/Nahanni refugial groups. 
 
 
Table 3.4. Refugia allelic diversity at Sana-DAB1. 
 
Population # of Fish 






Lac Archambault 1 Atlantic 1 1 
Seneca Lake 5 Atlantic, Mississippian 10 6 
Confederation Lake 1 Atlantic, Mississippian 2 1 
Hawley Lake 4 Mississippian 4 0 
Island Lake 6 Beringian 13 3 
Toolik Lake 6 Beringian 8 2 
Ugashik Lake 4 Nahanni 8 1 
Kusawa Lake 4 Nahanni 7 1 
Waterton Lake 4 Montana 7 2 













Figure 3.3. MH Class II β1 alleles in lake trout from Wisconsinan glacial refugia mtDNA lineages. 
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Mississippian 1 T C C T C A A A GGA C C T GC A T GGT GC A GA GT A T A T A GA C T C T T A T GT T T T C A A T A A GGC T GA A T A C A T C A GA T T C A A C A GC A C T GT GGGGA A GT A T GT T GGA T A C A C T GA GC A T GGT GT GA A GA A T GC A GA A A
Mississippian 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Atlantic 1 . . . . . . . . . . . . . . . . . . . . . A T . . . . . T . . . . . . . . . . . . . . . . . . . . . . C . . . T . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . GT G . . . T . . . . . . . . . . . . . . .
Atlantic 2/Beringian 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . T G . . . A C . . . . . . . . . . . . . . . . C . . . T . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G
Atlantic 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . T G . . . A C . . . . . . . . . . . . . . . . C . . . T . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . T G . . . T . . . . . . . . . . . . . . G
Atlantic 4 . . . . . . . . . . . . . . . . . . . . . A T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . G . T . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G
Atlantic 5 . . . . . . . . . . . . . . . . . . . . . C T . . . . . T G . . . A C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . G
Atlantic 6 . . . . . . . . . . . . . . . . . . . . . A T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . G . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G
Atlantic 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . T G . . . A C . . . . . . . . . . . . . . . . C . . . T C . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G
Atlantic 8 . . . . . . . . . . . . . . . . . . . . . A T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Beringian 1/Nahanni 2 . . . . . . . . . . . . . . . . . . . . . A T . . . . . T G . . . A C . . . . . . . . . . . . . . . . C . . . . . . . . . . T G . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . T . . . . . . . . . G . . . . . . . . . . G
Beringian 2/Nahanni 1 . . . . . . . . . . . . . . . . . . . . . A T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . C . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . G
Beringian 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Beringian 5/Nahanni 7 . . . . . . . . . . . . . . . . . . . . . A T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . G . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G
Beringian 6/Nahanni 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . T G . . . A C . . . . . . . . . . . . . . . . C . . . T . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G
Beringian 7 . . . . . . . . . . . . . . . . . . . . . A T . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . C . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . G
Beringian 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . C . . . . . . . . C G
Beringian 9 . . . . . . . . . . . . . . . . . . . . . A T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . G . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . T G . . . T . . . . . . . . . . . . . . .
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 A total DN/DS (non-synonymous/synonymous substitutions) ratio study average of 2.33 
(Table 3.2) suggests that positive selection may be acting on the polymorphic residues (Hurst, 
2002). Most populations exhibited ratios greater than 1 with the highest of 4.32 within Kingscote 
Lake indicating stronger positive selection. No populations exhibited a ratio below one, 
suggesting stabilizing selection.  
 
3.4 Phylogenetic and Network Inferences 
 
 A phylogenetic tree and a parsimony network were constructed to look at all the alleles in 
this study and within each individual population. A maximum likelihood tree with all alleles in 
the study along with the refugia alleles (Figure 3.5) did not group alleles clearly into refugia 
groups with any bootstrap support or confidence. Similarly, the parsimony network of all study 
and refugia alleles (Figure 3.6) did not show any type of refugia pattern although common alleles 







































Figure 3.5. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 unique and 
refugia nucleotide sequences of lake trout within this study. This tree was generated using 
TIM1+I+G model of evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are 
added from neighbour joining analyses to branches that are consistent with the likelihood tree. 









































































































































































































Figure 3.6. Network of MH class II β1 study and refugia nucleotide sequences of lake trout. Genealogical relationships were 
estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked as rectangles. Size of ovals is 
proportional to the number of individuals sharing a particular allele. The numbers below the allele names inside the ovals are the 
number of fish with that allele followed by the number of populations/locations that allele was identified in. The single line indicates 
one mutation between alleles (small circles dividing single lines represent missing alleles). Sana-DAB 4 (marked as the largest 















A maximum likelihood tree of the fifty-seven alleles in the eleven lakes (Figure 3.7) 
separated the alleles into two main clades when examined separately from the refugia alleles. In 
all 30% of fish from the populations contained three or more alleles (Table 3.1) and the 
formation of two major branches within Figure 3.7 suggests the possibility of multiple loci 
within lake trout. A parsimony network of all alleles (Figure 3.8a) was designed to show the 
differences and similarities among all alleles throughout the populations in the study. From this 
network, approximately nine different groupings of the alleles can be seen as demonstrated in 
Figure 3.8b grouped together based upon the mutational differences between alleles. 
Using only the refugial alleles, a phylogenetic tree was computed to show whether MH 
class II β alleles across Canada exhibit a phylogeographic signal (Figure 3.9a). Since it was 
difficult to interpret the maximum likelihood tree with all the refugia alleles, a maximum 
likelihood tree based on the most common alleles by highest frequency (Figure 3.9b) was created 
and demonstrated a cleaner separation of alleles by geographical region. The Mississippian 
alleles grouped separately from the other refugia which separated into two clades. One included 
Atlantic, Beringian and Nahanni alleles while the other clade included Beringian, Nahanni and 
Montana alleles. Little bootstrap confidence or certainty supported these clades and groupings 
within the clades.  A parsimony network was not designed for the refugia alleles due to the large 






















































Figure 3.7. Unrooted maximum likelihood phylogenetic tree of the unique MH class II β1 nucleotide sequences of lake trout within 
this study. This tree was generated using TIM1+I+G model of evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are 
added from neighbour joining/ parsimony analyses to branches that are consistent with the likelihood tree (- represents no available 































































































































































Figure 3.8a. Network of MH class II β1 study nucleotide sequences of lake trout. Genealogical relationships were estimated by the 
parsimony method of Templeton et al. (1992). All refugia alleles are marked as rectangles. Size of ovals is proportional to the number 
of individuals sharing a particular allele. The numbers below the allele names inside the ovals are the number of fish with that allele 
followed by the number of populations/locations that allele was identified in. The single line indicates one mutation between alleles 
(small circles dividing single lines represent missing alleles). Sana-DAB 4 (marked as the largest rectangle) was chosen to have the 
























































































































































































Figure 3.8b. Network of MH class II β1 study nucleotide sequences of lake trout. Nine allele groups based upon mutational 
differences are separated by shadings above. Genealogical relationships were estimated by the parsimony method of Templeton et al. 
(1992). All refugia alleles are marked as rectangles. Size of ovals is proportional to the number of individuals sharing a particular 
allele. The numbers below the allele names inside the ovals are the number of fish with that allele followed by the number of 
populations/locations that allele was identified in. The single line indicates one mutation between alleles (small circles dividing single 
lines represent missing alleles). Sana-DAB 4 (marked as the largest rectangle) was chosen to have the highest outgroup probability by 










































Figure 3.9a. Unrooted maximum likelihood phylogenetic tree of refugial MH class II β1 
nucleotide sequences of lake trout within this study. This tree was generated using TIM1+I+G 
model of evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are added from 
neighbour joining/ parsimony analyses to branches that are consistent with the likelihood tree (- 




































Figure 3.9b. Unrooted maximum likelihood phylogenetic tree of refugial most common MH 
class II β1 nucleotide sequences of lake trout within this study This tree was generated using 
TIM1+I+G model of evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are 
added from neighbour joining/ parsimony analyses to branches that are consistent with the 
likelihood tree (- represents no available bootstrap value). Scale bar indicates nucleotide 






3.5 Native Populations – Hogan, Crystal, Dickey and Macdonald 
 
 Each of the four native populations (Hogan, Crystal, Dickey and Macdonald) contained 
some introgressed alleles in other populations but each lake had unique features of MH diversity. 
None of these native populations have any history of stocking. Crystal and Dickey Lake had the 
most unique alleles among native populations with five while Crystal had the highest allelic 
richness. Macdonald Lake had the highest nucleotide diversity with the fewest alleles but only 
contained alleles from 4 allele groupings from the parsimony network, the lowest amount within 
the entire study. Dickey Lake had fewer mutational steps between distant alleles when compared 
to Hogan, Crystal and Macdonald and contained the highest haplotype diversity among native 
populations.  
 
3.5.1 Hogan Lake 
 
 Hogan Lake is a native population in Algonquin Park, Ontario colonized by 
Mississippian and Atlantic sources (Halbisen and Wilson, 2009). A total of 13 MH class II β1 
alleles were discovered in the population with an allelic richness of 1.86 but only two were 
unique. Three common alleles (Sana-DAB 1, 3 and 4) make up over 50% of allele frequencies 
within the population with Sana-DAB 4 having the highest frequency at 0.359 (Table 3.3). The 
nucleotide diversity (0.0579) and haplotype diversity (0.842) were both below the mean diversity 
values of all the populations studied (Table 3.2). Non-synonymous substitutions of 0.0828 and 
the DN/DS ratio of 1.97 were below the mean values while the synonymous substitutions of 
0.0421 was above the study mean (Table 3.2). The alleles of Hogan Lake occurred in groups or 
pairs with high bootstrap support within the phylogenetic tree (Figure 3.10). The most common 
57 
 
alleles in the population were located in separate clusters isolated from the others. The 
parsimony network of Hogan Lake had alleles from ~ 8 different groupings which were 
separated by as few as 8 mutational steps to as many as 28 mutational steps (Figure 3.11). The 
three common alleles Sana-DAB 1, 3 and 4 differed from each other between 20 – 32 mutational 
steps but within the phylogenetic tree these three most common alleles were divided with Sana-


































































Figure 3.10. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within Hogan 
Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of evolution 
using jModelTest (Posada, 2008). Bootstrap values >50% are added from neighbour joining/ parsimony analyses to branches that are 











































 DAB 24 
1/1  

















































































































Figure 3.11. Network of MH class II β1 nucleotide sequences of lake trout from Hogan Lake. Only coloured alleles occur within the 
lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked as 
rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the allele names 
inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was identified in. 
The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). Sana-DAB 4 
(marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & Templeton, 1994; 















3.5.2 Crystal Lake 
 
 Crystal Lake is a native population in the Bancroft region of Ontario colonized by fish of 
Mississippian origin (Halbisen and Wilson, 2009). Tied for the highest number of alleles in a 
single population, a total of 17 MH class II β1 alleles were detected in the population with five of 
them being unique to Crystal Lake.  Sana-DAB 4 was the most frequent allele within Crystal 
Lake, with a frequency of 0.306. No other allele had a frequency above 0.1 (Table 3.3). The 
nucleotide diversity (0.0604), non-synonymous substitutions (0.0758) and the DN/DS ratio (1.79) 
for Crystal Lake were all below the study averages (Table 3.2) while synonymous substitutions 
(0.0424), haplotype diversity (0.887) and allelic richness (2.45) were above study averages. The 
alleles of Crystal Lake separated into the two main clusters (Figure 3.12). Disagreements in the 
bootstrap support for the different clusters of alleles within Crystal Lake between the neighbour-
joining and parsimony methods can be seen by the missing values. The parsimony network of 
Crystal Lake had alleles from ~ 7 different groupings, with some alleles separated by as many as 
28 or 32 mutational steps (Figure 3.13). Unique alleles to Crystal Lake were located to be 
between or beside common, high frequency alleles in this network, suggesting recent divergence 























































Figure 3.12. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within Crystal 
Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of evolution 
using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to branches that are 
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Figure 3.13. Network of MH class II β1 nucleotide sequences of lake trout from Crystal Lake. Only coloured alleles occur within the 
lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked as 
rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the allele names 
inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was identified in. 
The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). Sana-DAB 4 
(marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & Templeton, 1994; 
















3.5.3 Dickey Lake 
 
 Dickey Lake is a native population located south of Bancroft, Ontario colonized by 
Mississippian ancestry (Halbisen and Wilson, 2009). Similar to Crystal and Manitou, it contains 
a total of 17 MH class II β1 alleles with five of them being unique to the population. Three 
common alleles (Sana-DAB 4, 5 and 20) make up 50% of the alleles in the population with Sana-
DAB 4 having the highest frequency at 0.205 (Table 3.3). The nucleotide diversity, non-
synonymous and synonymous substitutions were below the study averages but the allelic 
richness, haplotype diversity and DN/DS ratio were greater (Table 3.2). Dickey Lake contained 
alleles from all major groups and most subgroups within the phylogenetic tree (Figure 3.14). The 
most common alleles (Sana-DAB 4 and 5) all are located within the same main cluster 
containing the majority of Dickey alleles. The parsimony network of Dickey Lake (Figure 3.15) 
contained alleles from ~ 7 groupings. The fact that the greatest separation in this lake between 
any alleles was only 17 mutational steps contributes to the low nucleotide diversity. Unique 
alleles such as Sana-DAB 55 and 56 were located between mutational steps from common alleles 
rather than in novel mutational directions like Sana-DAB 28 and 29. This unusual direction of 
























































Figure 3.14. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within Dickey 
Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of evolution 
using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to branches that are 

































































































































































Figure 3.15. Network of MH class II β1 nucleotide sequences of lake trout from Dickey Lake. Only coloured alleles occur within the 
lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked as 
rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the allele names 
inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was identified in. 
The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). Sana-DAB 4 
(marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & Templeton, 1994; 















3.5.4 Macdonald Lake 
 
 Macdonald Lake is a native population located in Algonquin Park, Ontario reported to be 
colonized by only fish of a Mississippian refugia ancestry (Wilson and Hebert, 1996; Halbisen 
and Wilson, 2009). A total of 7 MH class II β1 alleles were discovered, which was the least 
among all populations in the study and only one of them was unique. Macdonald Lake had the 
lowest allelic richness in the study. Four common alleles (Sana-DAB 20, 39, 40 and 57) made up 
88% of the alleles in the population with Sana-DAB 40 having the highest frequency at 0.303 
(Table 3.3). Macdonald Lake was one of very few lakes that did not have Sana-DAB 4 as one of 
its most common high frequency alleles. The nucleotide diversity of 0.0641, non-synonymous 
substitutions of 0.0905 and synonymous substitutions of 0.0403 were all above the average for 
the study but the haplotype diversity and DN/DS ratio were below (Table 3.2). Macdonald Lake 
alleles were only detected in one of the two main clusters (Figure 3.16); no alleles within the 
second cluster were discovered in this population. This occurred in only two populations in this 
study, Macdonald and Seneca. The most common alleles within Macdonald being different from 
other populations in the study were detected in subgroups separate from the study’s highest 
frequency alleles with high bootstrap confidence of 98% and 99%.  The parsimony network of 
Macdonald Lake (Figure 3.17) contained alleles from the least number of groupings with only 4 
having separation of 17 – 20 mutational steps between them. The main common alleles are 






















































Figure 3.16. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within 
Macdonald Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of 
evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to 
branches that are consistent with the likelihood tree (- represents no available bootstrap value). Scale bar indicates nucleotide 































































































































































Figure 3.17. Network of MH class II β1 nucleotide sequences of lake trout from Macdonald Lake. Only coloured alleles occur within 
the lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are 
marked as rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the 
allele names inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was 
identified in. The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). 
Sana-DAB 4 (marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & 











3.6 Hatchery Stocking Sources – Michipicoten, Slate Islands, Manitou and 
Seneca 
 
 The genetic compositions of the stocking sources varied substantially, with each stock 
having distinguishable differences from one another. All alleles within the stocking sources can 
be seen within Figure 3.18 demonstrating the significant number of stocked alleles within the 
populations in this study. A total of 33 of the 57 unique alleles were within the four stocking 
sources. The Michipicoten stock contains three (Sana-DAB 9, 18 and 46), Slate Islands six 
(Sana-DAB 25, 26, 50, 51, 52 and 53), Manitou six (Sana-DAB 2, 10, 31, 34, 35 and 43) and 
Seneca three (Sana-DAB 39, 40 and 41) unique alleles not seen in the other stocking strains. The 
Michipicoten and Slate Islands stocks (both from Lake Superior) contain very similar genetic 
profiles when compared to one another with the Michipicoten population having a higher 
nucleotide diversity and the Slate Islands population having a higher haplotype diversity 
containing more total and unique alleles, thus a higher allelic richness. The main common allele 
groups that Michipicoten and Slate Islands are missing occur in Manitou and Seneca but these 
two stocks are very different from each other as they contain four differences in main groups 
(Sana-DAB 3, 7, 8-10, and 11). Seneca Lake has the highest nucleotide diversity among the 
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Figure 3.18. Network of MH class II β1 nucleotide sequences of lake trout, coloured alleles show all stocked alleles in the lakes 
studied. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked 
as rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the allele 
names inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was 
identified in. The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). 
Sana-DAB 4 (marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & 















3.6.1 Michipicoten  
 
 Michipicoten is a stocking source population from eastern Lake Superior (Ontario) that is 
composed of fish with a diverse ancestry (Halbisen and Wilson, 2009). It contained a total of 12 
MH class II β1 alleles with only one being unique to the population. The Michipicoten stocking 
strain has three alleles (Sana-DAB 9, 18 and 46) which were not detected in the other stocking 
strains in this study. Three common alleles (Sana-DAB 3, 4 and 7) make up over 50% of allele 
frequencies within the population with Sana-DAB 4 having the highest frequency at 0.327 (Table 
3.3). Allelic richness, haplotype and nucleotide diversity, non-synonymous substitutions and the 
DN/DS ratio were all below the study averages with only synonymous substitutions above (Table 
3.2). The Michipicoten population had the lowest DN/DS ratio of 1.75 in the entire study which 
still suggested positive selection. Alleles from Michipicoten were separated into two main 
groups in the phylogenetic tree (Figure 3.19). The highest frequency allele, Sana-DAB 4 
occurred in a separate cluster from the two other highly common alleles. Sana-DAB 3 and 7 
occurred in different subgroups suggesting the most common alleles in this population were 
genetically different from one another or contained different ancestry. The parsimony network of 
Michipicoten (Figure 3.20) had alleles from ~ 7 different groupings but only one or two alleles 
were detected from each. There were many individual alleles separated from others within the 
population by 8 – 32 mutational steps, which is different from the other populations that usually 
show larger numbers of alleles grouping closer together with those groups separated by more 
mutational steps. The most common alleles (Sana-DAB 3, 4 and 7) differed in the parsimony 




















































Figure 3.19. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within 
Michipicoten. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of 
evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to 
branches that are consistent with the likelihood tree (- represents no available bootstrap value). Scale bar indicates nucleotide 
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Figure 3.20. Network of MH class II β1 nucleotide sequences of lake trout from the OMNR Michipicoten broodstock. Only coloured 
alleles occur within the population. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). 
All refugia alleles are marked as rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The 
numbers below the allele names inside the ovals are the number of fish with that allele followed by the number of 
populations/locations that allele was identified in. The single line indicates one mutation between alleles (small circles dividing single 
lines represent missing alleles). Sana-DAB 4 (marked as the largest rectangle) was chosen to have the highest outgroup probability by 















3.6.2 Slate Islands 
 
 Slate Islands is a stocking source population that originated from the Great Lakes region 
in northern Lake Superior and contains a diverse ancestry (Halbisen and Wilson, 2009). There 
were 15 total MH class II β1 alleles within this population with five being unique. Just two 
common alleles, Sana-DAB 4 and 27, made up 50% of allele sequences in the population with 
Sana-DAB 4 having the highest allelic frequency in the population, and indeed of all populations 
in this study, at 0.375 (Table 3.3). Slate Islands had the highest allelic richness of the study 
(2.53) but the haplotype and nucleotide diversity, non-synonymous and synonymous 
substitutions were all below the study averages while the DN/DS ratio was exactly average (Table 
3.2). Slate Island alleles were detected in both main groups in the phylogenetic tree (Figure 3.21) 
with the majority occurring within the cluster separate from the highest frequency allele (Sana-
DAB 4) in the study. This grouping contained the other highly common allele within this 
population, Sana-DAB 27. The parsimony network of Slate Islands (Figure 3.22) contained 
alleles from ~ 7 groupings with some separated by as many as 28 or 32 mutational steps. This 
stocking population was missing two commonly stocked allele groups around Sana-DAB 20 and 
40 which were commonly recognized in Manitou and Seneca Lake stocks. The two most 
common alleles from the Slate Islands population differed from one another by 31 mutational 























































Figure 3.21. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within Slate 
Islands. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of evolution 
using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to branches that are 
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Figure 3.22. Network of MH class II β1 nucleotide sequences of lake trout from the OMNR Slate Islands broodstock. Only coloured 
alleles occur within the population. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). 
All refugia alleles are marked as rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The 
numbers below the allele names inside the ovals are the number of fish with that allele followed by the number of 
populations/locations that allele was identified in. The single line indicates one mutation between alleles (small circles dividing single 
lines represent missing alleles). Sana-DAB 4 (marked as the largest rectangle) was chosen to have the highest outgroup probability by 












3.6.3 Manitou Lake 
 
 Manitou Lake is a stocking source population that originated from the northern Great 
Lakes, specifically Manitoulin Island, Ontario and contains a diverse ancestry (Halbisen and 
Wilson, 2009). The lake had a native lake trout population that was supplementally stocked with 
lake trout from two rivers in eastern Lake Superior (OMNR, 2005). In common with the native 
lakes of Crystal and Dickey, Manitou Lake population had the highest number of MH class II β1 
alleles with 17 but only had two that were unique. Sana-DAB 4 and 32 at frequencies of 0.2 and 
0.178 were the only two alleles to have frequencies above 0.1 within the Manitou Lake 
population (Table 3.3). Manitou had the highest haplotype diversity (0.912) in the study as well 
as had values above the study averages for allelic richness, nucleotide diversity, non-
synonymous and synonymous substitutions and DN/DS ratio (Table 3.2). The phylogenetic tree of 
Manitou Lake contained a widespread allelic representation of all groups and almost all 
subgroups (Figure 3.23). The most common alleles Sana-DAB 4 and 32 were located within the 
same major grouping but within different subgroups with high certainty. The parsimony network 
of Manitou Lake (Figure 3.24) showed alleles within 8 of the major allele groups, except the 
grouping of Sana-DAB 11 and 14 which were identified in the stocking sources of Seneca and 
Michipicoten. There were a total of 20 mutational steps between the two common alleles of 





















































Figure 3.23. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within Manitou 
Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of evolution 
using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to branches that are 
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Figure 3.24. Network of MH class II β1 nucleotide sequences of lake trout from Manitou Lake. Only coloured alleles occur within the 
lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked as 
rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the allele names 
inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was identified in. 
The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). Sana-DAB 4 
(marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & Templeton, 1994; 















3.6.4 Seneca Lake 
 
 Seneca Lake is a stocking source population in the Finger Lakes region of New York 
State, USA thought to be colonized by both Mississippian and Atlantic origins (Wilson and 
Herbert 1996, 1998). It contained a total of 12 MH class II β1 alleles within the population with 
only one being unique. Four common alleles; Sana-DAB 4, 14, 32 and 40, make up almost 75% 
of the alleles in the population with Sana-DAB 14 and 40 having the highest frequencies at 0.206 
(Table 3.3). Seneca Lake had the highest nucleotide diversity (0.0719) within the study while 
having haplotype diversity, non-synonymous substitutions and a DN/DS ratio above the average. 
Allelic richness and synonymous substitutions for the Seneca population were both below the 
study averages (Table 3.2). As seen in Macdonald Lake, Seneca Lake alleles were only detected 
in one of the two main clusters in the phylogenetic tree (Figure 3.25); no alleles within the 
second cluster were discovered in this population. The parsimony network of Seneca Lake 
(Figure 3.26) contained alleles from ~ 6 groupings with 8 – 19 mutational steps between them. 
This stocking strain looks very different from other strains (Manitou, Michipicoten and Slate 
Islands) as it is missing common alleles from the groupings Sana-DAB 3, 7, and 8/9/10/27. The 

























































Figure 3.25. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within Seneca 
Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of evolution 
using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to branches that are 
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Figure 3.26. Network of MH class II β1 nucleotide sequences of lake trout from Seneca Lake. Only coloured alleles occur within the 
lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked as 
rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the allele names 
inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was identified in. 
The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). Sana-DAB 4 
(marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & Templeton, 1994; 














3.7 Native but Stocked – Simcoe, Opeongo and Kingscote 
 
 Stocking within native lakes can either help rejuvenate low diversity, diminish the 
diversity or remove native alleles within populations or have no effect. The potential effects of 
the hatchery stocking sources from this study have had on the genetic profiles of Simcoe, 
Opeongo and Kingscote Lakes can be seen with the number of alleles seen in the stocking 
sources (Table 3.5). The historical stocking of Simcoe Lake many times may have contributed to 
the removal of any native allele profile the population once had since no unique alleles and a 
decreased total amount of alleles were discovered (Table 3.1). In addition, this lake exhibited an 
lower haplotype and nucleotide diversity than the study average (Table 3.2). Stocking within 
Opeongo Lake seems to have enhanced the gene pool of the population by increasing its 
haplotype and nucleotide diversity along with unique alleles in the population (which is the 
highest in the study among all populations) and probably increasing the total number of alleles 
within the population. Stocking within Kingscote Lake does not seem to be helping as this 
population has the lowest haplotype and nucleotide diversities of all of the populations in the 
study. Even with the well-documented stocking attempts into Kingscote, it does not look like 










Table 3.5. Alleles from hatchery stocking sources in common with stocked populations in this study. Circled alleles represent alleles unique to 
only that stocking source of the four studied but were seen naturally in native unstocked populations in this study. 
 
 
Alleles Present in 
Population 
Michipicoten Lake Slate Islands Lake Manitou Lake Seneca Lake 









1, 3, 4, 5, 7, 9, 10, 
11, 33, 45 








1, 2, 4, 5, 9, 11, 
14, 19, 20, 21, 22, 
23, 24, 48, 49 
1, 4, 5, 9, 11, 14 1, 4, 5, 14 2, 4, 5, 20 1, 4, 5, 11, 14, 20 19, 21, 22, 23, 24, 
48, 49 
       
Kingscote 
Lake 
1, 4, 5, 8, 20, 36, 
37, 38, 57 










3.7.1 Lake Simcoe 
 
 Lake Simcoe is a stocked population in southern Ontario colonized with fish from diverse 
ancestries (Grewe and Hebert 1988; Grewe et al. 1993). A total of 10 MH class II β1 alleles were 
identified in this population with none of them being unique. Four common alleles (Sana-DAB 4, 
5, 7 and 10) make up over 75% of the allele frequencies within the population with Sana-DAB 4 
having the highest frequency at 0.306 (Table 3.3). The allelic richness, haplotype and nucleotide 
diversities, non-synonymous substitutions and the DN/DS ratio were all below the study averages 
while the synonymous substitutions were above (Table 3.2). The alleles of Lake Simcoe were 
located in both main clusters within the phylogenetic tree (Figure 3.27). The most common 
alleles making up the majority of frequencies in the population were separated with two in each 
main grouping. Sana-DAB 4 and 5 were located in the upper grouping while Sana-DAB 7 and 10 
in the lower (Figure 3.27) where more Simcoe alleles were grouped. The parsimony network of 
Lake Simcoe (Figure 3.28) had alleles from ~ 7 different groupings, most separated by 7 – 9 
mutational steps and two groups by 17 and 28 steps. The four most common alleles differed from 
each other between 17 – 47 mutational steps (Figure 3.28). The genetic profile of Lake Simcoe 
contained many common alleles in the stocking sources (Figure 3.18 and Table 3.5) but Lake 
Simcoe is missing the common stocking population allele groups of Sana-DAB 20 and 40 
(Figure 3.27) which occur in both Manitou and Seneca stocks. Lake Simcoe contained the unique 






















































Figure 3.27. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within Lake 
Simcoe. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of 
evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to 
branches that are consistent with the likelihood tree (- represents no available bootstrap value). Scale bar indicates nucleotide 
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Figure 3.28. Network of MH class II β1 nucleotide sequences of lake trout from Lake Simcoe. Only coloured alleles occur within the 
lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are marked as 
rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the allele names 
inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was identified in. 
The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). Sana-DAB 4 
(marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & Templeton, 1994; 















3.7.2 Opeongo Lake 
 
 Opeongo Lake is a native lake located in Algonquin Park, Ontario colonized by 
Mississippian and Atlantic ancestry (Halbisen and Wilson, 2009) that has been historically 
stocked. Almost half of the 15 total MH class II β1 alleles were unique making Opeongo Lake 
the population with the most unique alleles (seven) in the study. Two common alleles (Sana-
DAB 4 and 5) made up over 50% of alleles within the population. Sana-DAB 5 had the highest 
frequency at 0.327 making Opeongo Lake one of only two lakes which did not have Sana-DAB 
4 as the highest allelic frequency (Table 3.3). Allelic richness, nucleotide diversity, non-
synonymous and synonymous substitutions were all above study averages. The haplotype 
diversity and the DN/DS ratio were below (Table 3.2). The Opeongo Lake alleles were split 
between the two main clusters in the phylogenetic tree (Figure 3.29). Most alleles were 
individually separated from subgroups while only two pairs were grouped together. Both Sana-
DAB 4 and 5, the two most common alleles in the study, occurred in the same main cluster but 
different subgroups with bootstrap support. The parsimony network of Opeongo (Figure 3.30) 
showed the presence of alleles from all 9 major groupings but contained a genetic profile of 
generally isolated alleles in which only one pair of alleles had a single a mutational step between 
them. All other alleles had a minimum of 4 to a maximum of 15 mutational steps to the next 
closest allele. The two most common alleles in Opeongo Lake differed from one another by 17 
mutational steps. Opeongo Lake contained alleles from stocking sources, most notably the 
unique alleles Sana-DAB 2 and 9 which are only seen within Michipicoten and Manitou stocks 




















































Figure 3.29. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within 
Opeongo Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of 
evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to 
branches that are consistent with the likelihood tree (- represents no available bootstrap value). Scale bar indicates nucleotide 
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Figure 3.30. Network of MH class II β1 nucleotide sequences of lake trout from Opeongo Lake. Only coloured alleles occur within 
the lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are 
marked as rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the 
allele names inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was 
identified in. The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). 
Sana-DAB 4 (marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & 















3.7.3 Kingscote Lake 
 
 Kingscote Lake is a native lake that has been stocked in the past located in Algonquin 
Park, Ontario which has been colonized by the Mississippian lineage (Halbisen and Wilson, 
2009). The Kingscote Lake population contained a total of 9 MH class II β1 alleles, which was 
the 2
nd
 least among populations in the study, with a third of them being unique. Three common 
alleles, Sana-DAB 5, 8 and 20 made up almost 82% of the alleles  in the population with Sana-
DAB 8 having the highest allele frequency at 0.324 (Table 3.3). This was one of two lakes to not 
have Sana-DAB 4 as one of highest allele frequencies within the lake. Kingscote Lake had the 
lowest haplotype (0.788) and nucleotide (0.0548) diversities contributing to a low amount of 
genetic variation within the population (Table 3.2). The allelic richness and non-synonymous 
substitutions were below the average along with the lowest synonymous substitutions in the 
study. This contributed to the highest DN/DS ratio of all populations at 4.32, suggesting a high 
amount of positive balancing selection (Table 3.2). The majority of Kingscote alleles were 
detected in one main cluster with only a single allele (Sana-DAB 8) albeit one of the most 
common in this population located in the other main grouping (Figure 3.31).  The parsimony 
network of Kingscote Lake (Figure 3.32) contained alleles from only 5 groupings separated by as 
many as 17 mutational steps. For a population with a rich stocking history, Kingscote Lake was 
missing many common alleles (Figure 3.18) as well as four common groupings, Sana-DAB 3, 7, 
11 and 40 seen in stocking populations. Most alleles in Kingscote Lake were common in at least 
two but more likely 3 or all 4 stocking strains in this study (Table 3.5) with no unique alleles 




















































Figure 3.31. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout within 
Kingscote Lake. Only the alleles coloured in red were detected in this population. This tree was generated using TIM1+I+G model of 
evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour joining/ parsimony analyses to 
branches that are consistent with the likelihood tree (- represents no available bootstrap value). Scale bar indicates nucleotide 




























































































































































Figure 3.32. Network of MH class II β1 nucleotide sequences of lake trout from Kingscote Lake. Only coloured alleles occur within 
the lake. Genealogical relationships were estimated by the parsimony method of Templeton et al. (1992). All refugia alleles are 
marked as rectangles. Size of ovals is proportional to the number of individuals sharing a particular allele. The numbers below the 
allele names inside the ovals are the number of fish with that allele followed by the number of populations/locations that allele was 
identified in. The single line indicates one mutation between alleles (small circles dividing single lines represent missing alleles). 
Sana-DAB 4 (marked as the largest rectangle) was chosen to have the highest outgroup probability by the program (Castelloe & 



















3.8 Comparison of MH class II β1 alleles in Salmonid fishes 
 
 A phylogenetic tree of lake trout, arctic charr, rainbow trout and Atlantic salmon detected 
multiple significant clusters with bootstrap support (Figure 3.33). Atlantic salmon and rainbow 
trout alleles clustered into individual groupings with high certainty ranging from 80 – 100% 
although none of these alleles clustered with any significance to alleles of the Salvelinus genus. 
Three pairings of lake trout and arctic charr alleles clustered together with significant bootstrap 





































Figure 3.33. Unrooted maximum likelihood phylogenetic tree of the MH class II β1 nucleotide sequences of lake trout (Salvelinus 
namaycush), arctic charr (Salvelinus alpinus), rainbow trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo salar). This tree was 
generated using TIM1+I+G model of evolution using jModelTest (Posada, 2008). Bootstrap values > 50% are added from neighbour 
joining/ parsimony analyses to branches that are consistent with the likelihood tree (- represents no available bootstrap value). Scale 






















Chapter 4 – Discussion 
 
 The MH class II β gene is one of the most polymorphic nuclear encoded genes known, 
with the peptide binding region it encodes changing rapidly within populations.  This allows a 
greater resistance to pathogens and a better chance of survival (Grimholt et al., 2003). The MH 
genes with their variability and local adaptation within individual populations living in close 
geographical proximity thus provide an excellent opportunity to differentiate recently diverged 
populations. The phylogenetic trees constructed during this project subdivided into various small 
clusters of related alleles often representing population-specific sequences. Patterns show that 
lake trout populations do share lineages of common alleles, but over time sequences can diverge 
into several local alleles within populations. This study looked at the variability of the MH class 
II β gene in three different types of lake trout populations: native, hatchery stocking sources or 
mixed ancestral/stocked populations and the possible differences that could exist between them. 
 
4.1 MH Polymorphism of the β1 domain 
 
  A high level of polymorphism was seen in this study with 57 alleles being detected in the 
11 different populations that were studied. Even between populations within tight geographical 
ranges, a large amount of MH allele variation was seen. Only five out of the forty-three alleles in 
the Dorschner et al. (2000) study were identical to alleles discovered within this study (Figure 
3.1). Geographical proximity of sampling locations between the two would have suggested a 
higher amount of common alleles to be detected. In this study, two sampling locations were 
within Lake Superior (Slate Islands and Michipicoten Lake) while Dorschner et al. (2000) looked 
at six different sampling locations within Lake Superior’s southern and western ends. Slate 
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Islands and Michipicoten Lakes are two well-known hatchery stocking sources in the northern 
and eastern end of Lake Superior and shared 8 common alleles between them. The lack of 
similarity in alleles between the two studies although surprising was possible for a few reasons. 
This study and Dorschner et al. (2000) used different sets of primers thus providing a primer bias 
toward the alleles in each study. Distinct separate populations may have arose within Lake 
Superior due to multiple refugial groups colonizing Lake Superior following the glaciations 
(Wilson and Hebert, 1996; 1998), various stocking attempts by different stocks throughout Lake 
Superior (Kerr, 2001), as well as local adaptation and selection. One of the contributors to the 
variation in this study may have been a high degree of selection in each individual lake, as the 
frequency of non-synonymous mutations exceeded those of synonymous mutations in all 
populations. All populations had DN/DS ratios greater than one indicating positive selection for 
all lakes for an average in this study of 2.33, while Kingscote had the highest ratio at 4.32 (Table 
3.2). These DN/DS values were lower than those reported for the MH class II β peptide binding 
regions of previous studies in lake trout from Dorschner et al. (2000) and arctic charr in 
Conejeros et al. (2013) possibly due to different sets of primers along with a species (arctic 
charr) that has a wider geographical distribution and abundance. 
 
A main hypothesis in the literature is that balancing selection acts on MH genes to help 
maintain variation and multiple alleles within a population. As the fish move to new 
environments, exposure to novel pathogens and parasites increases the frequency of MH alleles 
that can recognise them and thus diversity is maintained. Additionally, heterozygotes are able to 
present to a broader array of antigens than homozygotes therefore they are favoured through 
heterozygote advantage (Bernatchez and Landry, 2003; Spurgin and Richardson, 2010). In this 
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study 79% of individuals (170 of 216) were heterozygotes. Parasites try to exploit the MH 
immune response by mutating away from recognition by the most common MH alleles, 
providing a selective advantage to new rare-alleles (Bernatchez and Landry, 2003; Spurgin and 
Richardson, 2010). Although selection may be one of the forces maintaining polymorphism in 
the β1 domain, it is not the only force affecting the gene.  
 
Another driver of variability and polymorphism in MH genes can be behavioral 
mechanisms, like mate choice. In this case, reproductive behavior favours pairing of mates with 
different MH allele compositions (Penn and Potts, 1999). This sexual selection provides the 
offspring with increased pathogen resistance as they are heterozygotes with a greater protective 
ability against a broader range of pathogens than homozygotes (Landry et al., 2001; Forsberg et 
al., 2007). MH diversity is also used as a mechanism to prevent inbreeding from occurring as 
salmonids have the ability to differentiate between kin and non-kin when mating, creating more 
variability (Olsen et al, 1998, Olsen et al, 2002, Rajakaruna et al. 2006). Specifically the MH 
class II gene has been shown to influence kin discrimination and recognition in juvenile brook 
trout (Salvelinus fontinalis) and Atlantic salmon (Salmo salar) (Rajakurna et al., 2006). 
 
Lake trout also potentially have historical factors diminishing their variability and 
polymorphism. Lake trout are a glacial relict species, thus their present day populations have 
been strongly influenced by Pleistocene glaciation events and demographics. Many populations 
may have been formed from small refugia gene pools following the most recent glaciations, 
limiting the amount of genetic diversity within these populations and the time available for 
mutations to build up. As lake trout populations form from small gene pools, particularly 
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landlocked populations, genetic drift can become an influential force affecting the make-up of 
the populations causing them to diverge and lose variability. The force of genetic drift is directly 
linked to the size of the population it is acting on with smaller populations being affected much 
more strongly. In this study, many of the populations are located in smaller lakes within Ontario 
and therefore genetic drift would have been a much more prevalent force overpowering selection 
shaping the gene pools of each population.   
 
4.2 MH genes as a Phylogeographic Marker and Refugia Lineages 
 
In this study, the MH class II β gene was examined for possible use in phylogeography, 
similar to the application of mtDNA and µsats as molecular markers in past studies. Previous 
studies (Wilson & Hebert, 1996; 1998) used mtDNA as a phylogeographic marker to 
differentiate lake trout populations as being derived from six possible refugia from the 
Pleistocene glaciations: two Mississippian, one Atlantic, one Nahanni, one Beringian and one 
Montana. One of the goals of this project was to see if MH genes would differentiate the 
populations from five main refugia in a similar manner, or if they would provide a different 
picture.  
 
The refugia sample sizes that could be obtained and analysed for this study were small 
making the differentiation of the refugia groups difficult to see when analysed with the study 
samples. A maximum likelihood tree based on all the alleles within the study including refugial 
alleles (Figure 3.5) did not group alleles clearly into refugial groups. The parsimony network of 
the study and refugial alleles (Figure 3.6) did not show any clear patterns either. It was expected 
that since the majority of Ontario populations were largely founded by a Mississippian source 
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that the alleles would cluster well with the Mississippian refugial samples but this was not the 
case. The majority of alleles in this study grouped with the other refugia groups within the 
maximum likelihood tree and network (Figure 3.5 and 3.6). This is more likely a consequence of 
the limited refugial sample sizes that were used in this study, especially for the Mississippian 
refugia. Although, it is not surprising that many of the populations within Ontario contain alleles 
from various refugial groups as secondary contact among refugial groups would have occurred 
through the central portion of the species range especially within areas where the proglacial lakes 
once existed (Wilson and Hebert, 1996). 
   
The best separation of the refugia groups was seen in the maximum likelihood tree based 
on the most common alleles in each refugia population (Figure 3.9b) providing the cleanest 
separation of the three main clades by geographical region. Ontario populations sampled were 
Hawley and Confederation Lake which were both founded by individuals from a single refugia 
group, Mississippian, based upon mtDNA (Wilson and Hebert 1996; 1998). These two 
populations had only one common allele (Mississippian 1) that grouped separately from all other 
refugia alleles, albeit not with high bootstrap confidence. Apart from this, two separate main 
clades formed.  
 
In the first clade, a grouping of alleles from Seneca Lake in New York (Atlantic 2 and 3), 
Island and Toolik Lakes in Alaska (Beringian 1 and 3), Ugashik Lake  in Alaska (Nahanni 2 and 
3) and Kusawa Lake in the Yukon (Nahanni 2 and 3). This was very similar to Wilson & 
Herbert’s (1996, 1998) six lineage theory with the separation of Mississippian (A), Atlantic (B) 
and Nahanni (D) into one major clade. Upon bootstrapping analysis of the neighbour joining and 
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maximum parsimony trees, Atlantic and Beringian alleles grouped with 100% and 97% certainty 
(Figure 3.9b). Beringian and Nahanni as well as Atlantic and Beringian shared common alleles 
which may be the result of the fact that common alleles were particularly successful in those 
areas and/or that they are derived from stocks that shared common ancestral lineages. The extent 
of genetic similarity and divergence among the Atlantic with Beringian and Nahanni refugia 
demonstrated no clear correlation with their geographic location similar to what Wilson and 
Hebert (1998) discovered with their mtDNA analysis. The alleles were closely related yet the 
three refugia occupy opposite ends of the country geographically. Secondary contact among 
these lineages during glacial cycles could have caused alleles to disperse or mix despite the 
geographical distance between the Atlantic and Beringian/Nahanni refuges being quite great. 
These glacial refugial groups probably originated from pre/mid-Pleistocene populations that 
were separated by glacial advances followed by divergence within different refugia (Wilson and 
Hebert, 1998).   
 
In the second clade, a grouping of alleles from Waterton Lake in Alberta (Montana 1 and 
2) and alleles from Island (Beringian 2), Toolik (Beringian 2) and Ugashik Lakes in Alaska 
(Nahanni 1 and 4) and Kusawa Lake in the Yukon (Nahanni 1 and 4) were present. Upon 
bootstrapping analysis, two groups of alleles emerged: one group of common Nahanni and 
Beringian alleles and another group of Montana and Nahanni alleles clustered with 92% and 
73% confidence values (Figure 3.9b). The existence of common alleles between these 
populations demonstrates that they originated from pre/mid-Pleistocene populations and that 
common ancestral alleles probably persist in these populations, along with some secondary 
contact between the groups in interglacial periods. The branching pattern of the clusters within 
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this clade demonstrates a clearer correlation with the geographic location of these populations 
and ancestral refugia groups not seen in the clade discussed above.  
 
The Seneca population lake trout in this study is a stocking source containing both 
Mississippian and Atlantic haplotypes from mtDNA studies (Wilson and Hebert, 1996; 1998). 
This population has been heavily supplemented through stocking dating all the way back to 1984 
using unknown source population(s) (OMNR, 2005) which may have caused mixed evolutionary 
origins. This may explain the inconsistencies seen in Figures 3.9a from 3.9b where Atlantic 
alleles were seen in all the major clusters grouped with all five main refugia within the maximum 
likelihood tree albeit with no significance or may simply be the result of small sampling sizes. 
 
4.3 Does the salmonid MH class II β gene exist as multiple loci? 
 
A common observation in past MH studies (Conejeros et al., 2008; Conejeros et al., 
2013; Dixon et al., 1996; Dorschner et al., 2000; Kruiswijk et al., 2004, 2005; Miller et al., 1996; 
Miller et al., 1997; Miller et al., 2001; Noakes et al., 2003) has been the number of alleles per 
individual detected in population studies. For many of these studies, this has been attributed to 
the high levels of polymorphism in MH genes without looking into other possible causes. 
Dorschner et al. (2000) did suggest the reason they amplified such a high number of alleles per 
individual could be due to the amplification of more than one locus. However, they did state that 
no more than two alleles were detected in any individual and concluded that if indeed the alleles 
identified were derived from duplicate loci two major branches should be evident on the 
phylogenetic tree, which was not the case in their study. A shortcoming of their study was they 
would probably not find more than two alleles in most individual fish because they did not pick 
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enough clones: only two clones per individual were picked for some populations and then two to 
six clones for other populations were picked and sequenced. Thus, there is a reasonable chance 
that many alleles may have been missed in this study when only two clones were picked (Lenz 
and Becker, 2008).  
 
In this thesis, every individual fish had a minimum of six clones picked and sequenced. It 
was determined that approximately 30% (63 of 216 individuals) had three or more alleles (Table 
3.1), despite the fact that precautions to minimize the chances of false alleles occurring were 
taken. There was variation within the different populations, as a few populations had as many as 
10 fish of the 20 analyzed showing three or more alleles while other populations had as little as 
two fish of the 20 analyzed showing three or more alleles (Table 3.1). Artifacts can be produced 
during PCR amplification and give arise to heteroduplex and chimeric amplicons which do not 
represent bona fide alleles (Kanagawa, 2003).  Heteroduplexes become mosaic sequences from 
two parent heterologous sequences as a result of the Escherichia coli mismatch repair system 
during cloning and chimeras are amplicons that contain sequence motifs from two different 
alleles (Kanagawa, 2003). The PCR protocol used here, unlike previous studies, was designed to 
minimize the formation of PCR artifacts when amplifying MH class IIβ. More support for the 
presence of two loci was revealed in the phylogenetic analysis of the study. The maximum 
likelihood tree of all the alleles in this study (Figure 3.7) showed two very distinct main clades 
present with a few sequence outliers. This pattern was even seen in a smaller scale in some of the 
individual population phylogenetic trees in the study.  As stated by Dorschner et al. (2000), if 
alleles from two different loci were being amplified, two distinct major branches should be seen 




The evidence for multiple loci above is intriguing, but why do some populations display 
it more than others? A simple answer would be that the second locus of certain populations may 
be more easily amplified as a result of primer bias. Depending on the similarity of the loci within 
a population the primer set may be unreliable in the amplification of alleles from both loci. 
Another explanation is possible, which is that lake trout class II β genes are linked and arranged 
in haplotypes that may vary in their number of loci. An example of this was seen in a study that 
did MH typing on cichlid fishes of the Great East African Lakes (Malaga-Trillo, 1998). The 
typing of the cichlid fishes demonstrated that the class II β gene is arranged in haplotypes that 
could possibly vary in their number of loci. The number of functional loci in any species may 
vary but will be low as it is believed that large numbers of functional loci reduce the size of a 
species’ T-cell repertoire and its ability to respond to parasites (Malaga-Trillo, 1998).  
 
4.4 Genetic Profiles of Stocking Sources 
 
 Natural selection along with genetic drift, mutation and gene flow within lakes can 
genetically mould populations. Stocks are known as populations with local adaptations resulting 
from exposure to the specific environments they live in (Cooke et al., 2001). Stock management 
works by managing the individual subgroup populations (lakes) of a species like lake trout rather 
than the whole species. In the proper circumstances fish stocking can be used as an effective 
management tool but can also be dangerous if the stocks are not well matched to the physical 




In this study, four hatchery stocking sources were investigated: Manitou, Michipicoten, 
Seneca and Slate Islands. There were only two common alleles that were detected within all four 
stocking sources with Manitou and Slate Islands having six alleles and Seneca and Michipicoten 
having three alleles different from the other stocking sources.  These differences in allelic 
compositions are probably the result of local adaptations to the native environments of these 
stocking sources.  
 
The Michipicoten and Slate Islands stocking sources’ origins are native to Lake Superior 
and for this reason both stocks have been used in the upper Great Lakes. In Lake Superior, 
Michipicoten is used for the eastern end close to its native location while Slate Islands is used for 
the western end of the lake (OMNR, 2005). The MH genetic profiles in this study showed 
similarity between the two sources as they contained the same 7 allelic groups (Figure 3.20 and 
3.22), both missing alleles from the main groupings of Sana-DAB 20 and 40. The differences in 
nucleotide diversity between the sources was less than 1%, while Slate Islands had a higher 
haplotype diversity and allelic richness with the Michipicoten strain having more mutational 
steps between the most common alleles. This MH analysis agrees with the allozymes data 
(Ihssen et al., 1988) that these two stocks genetic profiles are similar with only a few differences, 
such that both sources could be stocked into the same geographical location within the upper 
Great lakes.  
 
The two major allele groups missing within Michipicoten and Slate Islands (Sana-DAB 
20 and 40) were detected in both Manitou and Seneca stocks. Manitou was the stocking source 
containing the most major allele groups containing 8 of the 9 allele groups within this study 
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(Figure 3.24). This source also had the greatest number of different alleles, but a lot of variability 
with only two allele frequencies above 0.1. A previous study using allozymes by Ihssen et al. 
(1988) determined the Manitou stock to be genetically distinct from the other stocks in the study. 
For that reason, this strain has been used for rehabilitative purposes in hard water, inland lakes 
with communities and physical characteristics similar to Lake Manitou (OMNR, 2005). The MH 
genetic profile of Manitou reinforced these findings as this stock was missing the Sana-DAB 1 
and 11/14 major groupings that were seen in both Michipicoten (Figure 3.20) and Slate Island 
(Figure 3.22) stocks and also contained many differences from the Seneca population. Thus the 
Manitou population possessed a unique genetic composition in comparison to the other stocking 
sources.     
 
The most unique stocking source of the four studied was Seneca as it was missing three 
main allele groups (Sana-DAB 3, 7 and 8) that were seen in all other stocking sources. As a 
result, the Seneca stock contained the lowest allelic richness of stocking sources: only 6 major 
allele groupings with a total of 12 alleles. The Seneca stock did, however, have the highest 
nucleotide diversity of the study, a higher haplotype diversity than Michipicoten and Slate Island 
and the highest DN/DS ratio of the stocking sources suggesting natural selection as a main driving 
force maintaining genetic variation within this stock. The distinct MH genetic profile of Seneca 
may be the result of its mixed ancestry along with different geographical origins from the other 
stocks. Due to the uniqueness of Seneca Lake’s genetic profile, caution needs to be taken when 
using this stock for stocking purposes. The OMNR have tried using this stock in the restoration 
efforts within Lake Ontario, since the extinction of native Lake Ontario lake trout, with some 
success. It is unknown whether the Seneca stock is genetically similar to the extinct native lake 
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trout within Lake Ontario but they do share similar geographical environments which may 
contribute to the success of the lake trout restoration efforts. 
 
4.5 Genetic Profiles of Native Populations  
 
All the native populations contained introgressed alleles commonly occurring within 
other populations throughout the study. The native populations of Hogan, Crystal, Dickey and 
Macdonald did, however, differ from one another in their genetic profiles. Each also contained 
genetic profiles that differed from the stocking sources or stocked populations in that they 
contained fewer highly common alleles but more unique or alleles detected in a lower number of 
populations. All the native populations live in smaller isolated landlocked lakes compared to the 
others populations in this study making them highly susceptible to genetic drift greatly affecting 
the make-up of the populations causing them to diverge and lose variability over time. 
 
Crystal and Dickey Lake populations had high allelic richness with the highest totals 
within the study and alleles within 7 of the 9 groupings. Crystal Lake, the smallest of the native 
lakes, contained a very diverse gene profile with frequencies spread out among all 17 alleles in 
the population compared to Hogan and Dickey where three alleles made-up 50% of their 
populations. Crystal Lake had diverging sequences within its population, as Sana-DAB 15 and 
16 with no significance and Sana-DAB 17 with high bootstrap confidence separated into their 
own subgroups away from highly common alleles (Figure 3.12). Thus these alleles show the start 
of population-specific adaptation to their local environment and the potential pathogens present. 
Dickey Lake contained unique alleles, Sana-DAB 55 and 56 which were between mutational 
steps from common alleles. This is an unusual direction of evolution is not standard and is either 
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the result of gene dispersal or remnants of ancestral allele groups that once existed but have been 
removed. Dickey Lake contained the lowest nucleotide diversities but highest haplotype diversity 
of native populations with alleles located within 7 of the 9 allelic groupings. The parsimony 
network showed the lowest number of mutational steps between the most distant alleles. Dickey 
Lake may have originated from a smaller gene pool than some of the other native populations 
making them more susceptible to effects like genetic drift causing the population to lose alleles 
from rare groupings producing a loss of genetic variability.   
 
The native profile of Macdonald Lake, though distinct, seems to be a population that also 
shows limited diversity due to population biology or environmental factors. This population had 
the lowest allelic richness and number of MH class II  alleles in the study with only four major 
allele groupings represented. Only four alleles made up almost 90% of this population’s allelic 
composition, but it had the highest nucleotide diversity behind Opeongo and Seneca Lakes. 
Sana-DAB 40 was the most frequent allele in the population, which was different from most 
populations in this study where Sana-DAB 4 was the most common. Macdonald Lake’s small 
genetic profile contains a distinct and unique makeup different from other populations.  
 
4.6 Genetic Profiles of Stocked Populations  
 
Stocking is one of the techniques that can be used to enhance and rejuvenate naturally 
reproducing native fish for habitats and populations of concern. In some habitats where species 
become extinct, stocking strains are introduced to try to restore the population that once lived in 
that habitat. Hatchery fish can differ genetically from wild native populations, making stocking a 
complicated, often questioned practice as it is not always clear whether it will enhance wild 
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populations or destroy them. Three populations in this study, Simcoe, Opeongo and Kingscote 
Lakes, have been stocked at various times throughout their history. 
 
Simcoe Lake is a population that has been stocked many times and as a result any unique 
genetic profile that population once may have had has been removed. The genetic profile of 
Simcoe contained a total of 10 MH class II  alleles, nine of which are commonly within 
stocking sources (Table 3.5) containing the 2
nd
 lowest allelic richness of the study as well as 
haplotype and nucleotide diversities below average (Table 3.2). No unique alleles were 
discovered in this population meaning there is probably little or no local adaptation to this 
environment taking place. Based on its genetic composition, Simcoe Lake is missing alleles from 
two major groupings which commonly occurred within the Manitou and Seneca stocks but 
contains Sana-DAB 10 which is seen in the Manitou stock and not any others. Thus, extensive 
stocking within Simcoe probably has not been from the Seneca stock but more likely has been 
from the Michipicoten and Slate Islands stocking strains which also do not contain those two 
allele groupings within their genetic profiles. It is possible that Manitou may have been stocked 
into Simcoe Lake at one time and only remnants of introgression remain (Sana-DAB 10) or a 
different stock containing Sana-DAB 10 was used or this allele is native to the area.  
 
Kingscote Lake seems to be a population that has adapted locally to its environment and 
continues to do so, making it an interesting population to study. It has been seen as a unique 
population that is both visually and genetically distinct from neighbouring populations (Wilson 
and Mandrak, 2004) as well as shown “to conform to a population-level native genetic profile 
regardless of continuous and substantial historical stocking” (Halbisen and Wilson, 2009). In this 
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MH study, Kingscote Lake had the least total number of alleles within the population (9), with 
three of them being unique. Each of the six common alleles in this population occurred 
throughout the four native populations as well as the stocking sources in this study (Table 3.5). 
Therefore, it is possible that even though Kingscote has been historically stocked no stocked 
alleles or at a minimum very few have been incorporated into its genetic profile through 
stocking. This may be the result of non-compatible stocks not matched correctly to this unique 
native population and environment. Kingscote had the lowest haplotype and nucleotide 
diversities but the highest DN/Ds ratio within the study suggesting positive selection is occurring. 
The lake trout native to Kingscote may have adapted to specific environmental pathogens present 
while other stocks may not have the ability to do so. This may be a direct result of the allele, 
Sana-DAB 8 having the highest frequency in the population rather than the typical Sana-DAB 4 
in most populations in this study. The differences within Kingscote may also be the result of its 
small, landlocked population size allowing genetic drift to overpower natural selection causing 
the population not only to diverge from others but reducing its genetic variability.    
 
Opeongo Lake has been extensively stocked although it has been questioned whether this 
process has been successful or not. Opeongo contains remnants of introgression having unique 
alleles from both Michipicoten and Manitou stocks (Table 3.5). Opeongo had one of the largest 
gene pools in the study with alleles from all major groupings being present and contributing to 
high allelic richness, haplotype and nucleotide diversities and number of unique alleles. Thus the 
MH class II  genetic profile for Opeongo may not prove the success of stocking as the extensive 
gene pool and diversity within Opeongo could also be the result of its strong healthy native 
profile rather than an enhanced profile as a result of stocking. Common alleles within Opeongo 
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and stocking sources are commonly detected within all populations studied whether they are 
native or stocked thus it is difficult to determine whether these alleles occurred naturally in 
Opeongo Lake or not. Diverging alleles within Opeongo Lake were seen with a unique clade 
(Sana-DAB 21, 22, 23 and 49) within the maximum likelihood tree (Figure 3.29) but with no 
bootstrap support. These diverging alleles could be local variants of the DAB 7 grouping that 
once existed (Figure 3.30).    
 
4.7 Trans-Species Polymorphism  
 
Trans-species polymorphism which was first shown to be a characteristic of mammalian 
MHC alleles (Mayer et al., 1988) appears to be common in fishes like cichlids (Klein, Satta, & 
O’hUigin, 1993), Chinook and Pacific salmon (Garrigan and Hedrick, 2001) as well as Atlantic 
salmon and brown trout (Stet et al., 2002). In this study lake trout were compared with arctic 
charr, rainbow trout and Atlantic salmon for transspecific lineages. The Atlantic salmon and 
rainbow trout alleles clustered together with high confidence but none of them grouped with the 
Salvelinus (lake trout or arctic charr) significantly as they all diverged too long ago, 10 – 20 
million years ago. Although the two Salvelinus genera, lake trout and arctic charr clustered in 
three pairings with high certainty (Figure 3.33) demonstrating trans-species evolution as these 











 This study used the MH class II β gene as a non-neutral population marker to 
differentiate populations of lake trout within Ontario and New York. This marker not only 
differentiates populations based on genetic variability of individuals but also on their interactions 
with the environment due to its role in detecting the presence of pathogens. High levels of 
genetic diversity were seen throughout this study with population gene pools impacted by the 
Pleistocene glaciation history followed by strong influential population forces like genetic drift 
and natural selection acting on them. Traces of local adaptation and selection were seen in the 
MH class II β sequences of the studied populations with a large amount of MH polymorphism 
demonstrated. The MH class II β gene showed promise providing a phylogeographic signal, but 
many unanswered questions still remain. The genetic profiles of the Ontario/New York 
populations showed differences in unique characteristics even though most came from common 
ancestry. Historical stocking within the populations has shown very limited success as stocking 
strains do not seem to have been able to incorporate their genes into populations like Opeongo 
and Kingscote with great success or have removed the native profile from populations like 
Simcoe, perhaps leaving a maladapted population in place. 
 
5.2 Future Work 
 
 The use of a selective gene as a marker provides new and exciting insight into the 
population genetics of lake trout populations. In order to assess the significance and 
comparability of this marker to others a few questions need to be resolved. Firstly, it needs to be 
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determined whether or not the lake trout MH class II β gene exists as multiple loci to allow for a 
proper population-level genetic analysis. Solving this problem would allow the MH class II β 
gene to be used as a population marker with comparable statistics and analysis done as 
performed on other genetic markers. There are a few techniques that can be carried out to help 
confirm this and provide definitive proof. A southern blot can be done to determine the copy 
number of the MH class II β gene. This will provide proof of whether lake trout do indeed 
contain multiple loci at the MH class II β gene or not. If they do, tests will need to be done to 
determine the inheritance of the alleles or which alleles belong to which locus. The inheritance of 
the alleles present can be determined through MH gene mapping using family studies. This is 
done by looking at the segregation of alleles from the parents to determine which are being 
inherited independently. Another way to tackle the problem would be through next generation 
sequencing but this route is very costly. If no solution can be obtained, a new way to compute 
important population statistics such as F-statistics when using MH genes as population markers 
needs to be determined. Many population models are designed based on specific rules and 
parameters that the MH genes break because it is not known how many loci the genes contain 
and which alleles belong to which loci. For this reason, conventional population statistics such as 
Hardy-Weinberg cannot be performed and a new form or variation of population 
statistics/models needs to be designed. 
 
Following the resolution of the technical issues above, a more extensive look at the MH 
class II  alleles discovered in the refugia groups and whether or not MH class II  genes can 
carry a phylogeographic signal will need to be carried out. This study only briefly looked at the 
potential of MH as a phylogeographic marker and with limited sample sites and individuals 
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examined in some populations, conclusions were difficult to obtain. Finally, future studies 
should be expanded to look at locations outside of Ontario and instead focus on lake trout 
populations across Canada. The use of the MH class II  gene as a population marker may 
provide insight into the adaptation populations are undergoing within their local environments. 
This knowledge will provide fish population managers the ability to identify and assess potential 
adaptive genetic diversity within and among populations which cannot be accomplished with 
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